Characterization of aerobic respiration in Great Basin Hot Springs by Murphy, Caitlin N.
UNLV Theses, Dissertations, Professional Papers, and Capstones
2009
Characterization of aerobic respiration in Great
Basin Hot Springs
Caitlin N. Murphy
University of Nevada Las Vegas
Follow this and additional works at: http://digitalscholarship.unlv.edu/thesesdissertations
Part of the Environmental Microbiology and Microbial Ecology Commons
This Thesis is brought to you for free and open access by Digital Scholarship@UNLV. It has been accepted for inclusion in UNLV Theses, Dissertations,
Professional Papers, and Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Murphy, Caitlin N., "Characterization of aerobic respiration in Great Basin Hot Springs" (2009). UNLV Theses, Dissertations,
Professional Papers, and Capstones. 70.
http://digitalscholarship.unlv.edu/thesesdissertations/70
  

















Bachelor of Science in Microbiology 






A thesis submitted in partial fulfillment 





Master of Science Degree in Biological Sciences 
School of Life Sciences 













Characterization of Aerobic Respiration in Great Basin Hot Springs 
 
by 
Caitlin N Murphy 
Dr. Brian Hedlund, Committee Chair 
Professor of Biology 
University of Nevada, Las Vegas 
 
Despite a wide diversity of possible electron donors available to fuel 
chemolithotrophy, it has been proposed that hydrogen is the single most important 
electron donor in geothermal ecosystems. To directly test this hypothesis, a simple 
system was devised to determine whether microorganisms in hot spring water and 
sediment are capable of using hydrogen and other electron donors for aerobic respiration 
using microrespirometry. The protocol for these experiments was developed using pure 
cultures of Thermocrinis ruber to determine the effect of growth conditions on the rate of 
oxygen consumption following the addition of electron donors. For field experiments, 
samples were collected without introduction of oxygen or change in temperature and 
measurements of oxygen consumption were initiated within ten minutes of collection. 
After a baseline oxygen consumption rate was established, possible electron donors were 
added and oxygen consumption was measured over a twenty-minute window. This 
system was used to evaluate the impact of electron donor addition (1 mM each of S2O32-, 
formate/lactate/acetate/propionate mixture, yeast extract/peptone, NH3 and 10 µM each 
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H2 and CH4) on oxygen consumption in source water and surface sediment of two near-
neutral pH hot springs in the Great Basin, Great Boiling Spring (GBS, 80°C, pH 7) and 
Sandy’s Spring West (SSW, 83°C, pH 7). The composition of the microbial community 
in the corresponding environments was also evaluated using a combination of terminal 
restriction fragment length polymorphism (T-RFLP) and fluorescent in situ hybridization 
(FISH). The resulting data showed that both the simple water-borne microbial 
communities (~2-4 species) and the more complex sediment microbial communities 
(~20-35 species) have diversified to take advantage of a variety of electron donors. These 
data do not support the hypothesis that hydrogen is the most important electron donor in 
the source water and sediments of the springs that were examined because hydrogen only 
stimulated an increased rate of oxygen consumption in two of the four environments 
tested. This study provides an important step in providing a more complete understanding 
of the energy budgets of high-temperature ecosystems and provides a template to study 
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Hydrogen and Hyperthermophiles 
The Hydrogen Hypothesis   
The discovery of life in near-boiling waters in Yellowstone National Park (YNP) 
in the 1960s introduced a thriving field in microbiology. Subsequent studies revealed that 
geothermal environments host thriving populations of thermophiles (organisms with 
optimum growth temperatures ranging from 45° to 80°C) and hyperthermophiles (80° to 
120°C).  As cultivation of these microorganisms has increased, it is evident that they 
represent a diversity of biochemical and physiological properties. They include members 
of the domains Bacteria and Archaea and through comparison of 16S rRNA gene 
sequences, thermophiles may be the closest related organisms to Earth’s most primitive 
life forms (1, 17, 54). In addition to furthering our understanding of how life may have 
evolved on early Earth, studies aimed at understanding the ecology and physiology of 
thermophiles aid in attempts to take advantage of their thermophilic properties for 
biotechnology applications and studies of thermophiles may provide insight into the 
search for life potentially inhabiting other planets.  
Regardless of optimum growth temperature, all of life can be classified based on 
how the carbon and energy needed for growth are obtained. Organisms that utilize light 
as an energy source are referred to as phototrophs, whereas organisms that utilize 
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chemical energy are chemotrophs. Chemotrophs perform oxidation-reduction reactions 
that are out of equilibrium in the environments using an electron donor and an electron 
acceptor from the environment. As electrons are passed between electron carriers, 
protons (or sodium) are pumped across the cell’s energy-transducing membrane creating 
potential energy. As the protons flow back into the cell, the energy generated is used to 
phosphorylate adenosine diphosphate (ADP) to form adenosine triphosphate (ATP), the 
primary energy storage molecule of the cell. Electron donors can be organic or inorganic. 
If the electron donor is organic, this is referred to as organotrophy, and if the electron 
donor is inorganic then the metabolism is referred to as lithotrophy. Moreover, some 
organisms are facultative organotrophs, meaning these organisms can grow 
organotrophically and lithotrophically.   
The second aspect of metabolism by which organisms are classified is how they 
obtain organic carbon. Carbon is a fundamental building block of cellular components 
and it can come from inorganic or organic sources.  Autotrophs utilize inorganic carbon, 
such as CO2 or HCO3-, and use it to synthesize complex organic molecules. 
Consequently, autotrophs form the foundation of the food chain and are a major source of 
Earth’s organic carbon. Due to the role of autotrophs in carbon fixation, they are 
commonly referred to as primary producers. Heterotrophic organisms obtain their carbon 
from organic sources generally by feeding on autotrophs or their excreted products.  
In most environments, life is supported by a diversity of different metabolisms, 
but in geothermal environments over 73°C, metabolism is restricted to chemotrophy 
because photosynthesis is not known to occur above that temperature.  Very little is 
known about the energy budgets of geothermal environments.  Most of what is known 
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about the carbon requirements of thermophilic organisms is derived from cultivation-
based experiments. This gives little inclination of what may be occurring in situ. A 
majority of cultivated thermophiles are obligate heterotrophs, utilizing organic carbon 
(33, 37, 53); however some are obligate autotrophs (20, 35, 57) or facultative autotrophs 
(7, 25, 35). A recent study by Boyd, et al., (8) showed that the source water of a spring in 
YNP contained significant amounts of dissolved organic carbon and that natural organic 
matter derived from macrovegetation neighboring the hot springs was capable of serving 
as a carbon source for Crenarchaeota in the environment. Aside from this study and 
cultivation-based evidence of carbon requirements, the carbon cycle in terrestrial hot 
springs is not well characterized. The relative input of autochthonous carbon (coming 
from internal sources) arising from the fixation of CO2 by autotrophic microorganisms 
residing in the hot spring versus external sources of organic carbon (allochthonous), 
which enter the ecosystem from the external environment for providing organic carbon 
for cell biomass remains completely unknown.   
While dynamics of the carbon cycle in hot springs remains largely unexamined, a 
more prominent question addressed in the literature is: which electron donors are 
important for the energy budget in geothermal environments? A common hypothesis has 
evolved proposing that molecular hydrogen (H2) is the dominant electron donor in 
geothermal environments. Dr. Karl Stetter, who has studied thermophilic microorganisms 
for over thirty years, was one of the first microbiologists to support the “H2 hypothesis” 
(66). He concluded that H2 was a key metabolic substrate for thermophiles due to the 
ability of H2 to serve as an electron donor when coupled with a variety of potential 
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electron acceptors (Figure 1.1) and due to the high diversity of thermophiles capable of 
utilizing hydrogen as an electron donor (Table 1.1).  
 
 
Figure 1.1 The versatility of molecular hydrogen as an electron donor in geothermal 
environments. (Revised from reference 66) 
 
 
The “H2 hypothesis” was further supported when experiments aimed at 
determining the importance of H2 in the energy budget of microorganisms found in hot 
springs in YNP were performed (64). Using three lines of inference, the researchers 
aimed to evaluate which electron donors were used to drive primary production in high-
temperature ecosystems. The first step in their work was to examine the microbial 
community in hot springs within YNP. Presuming that the abundant organisms in the 
ecosystem were the primary producers, similar to what is seen in other ecosystems (6), 
they examined the microbial community using 16S rRNA clone libraries, which is a 
cultivation-independent method of examining the microbial community. For this method, 
after DNA is extracted from environmental samples, the 16S rRNA gene is amplified by 
polymerase chain reaction (PCR) and then cloned and sequenced. The resulting 
sequences are compared to one another and to a 16S rRNA public sequence database. 




Table 1.1 Thermophilic bacteria and archaea capable of utilizing H2 as an electron donor. 
 
*Also utilizes alternative electron acceptors 
a
 Temperature for optimum growth 
 
Organism  C°a  Reference 
Utilize O2 as electron acceptor 
Aquifex aeolicus  90  16 
Aquifex pyrophilus*  90  35 
Hydrogenobacter acidophilus  65  61 
Hydrogenobacter hydrogenophilus  75  68 
Hydrogenobacter thermophilus*  75  41 
Hydrogenophilus hirschii   63  69 
Hydrogenothermus marinus  65  68 
Persephonella hydrogeniphila*  70  51 
Sulfurihydrogenibium azorense*  68  2 
Sulfurihydrogenibium kristjanssonii  68  21 
Thermocrinis ruber  80  34 
Venenivibrio stagnispumantis  70  28 
Utilize alternative electron acceptors 
Geothermobacterium ferrireducens  90  40 
Thermodesulfovibrio hydrogeniphilus  65  26 
Thermosulfidibacter takaii   70  52 
Thermovibrio ammonificans  75  72 
Thermovibrio guaymasensis  75-80  46 
Thermovibrio ruber  75  32 
Archaea 
Utilize O2 as electron acceptor 
Acidianus manzaensis*  80  75 
Metallosphaera sedula  70  31 
Pyrobaculum aerophilum*   100  73 
Sulfolobus spp.*    31 
Utilize alternative electron acceptors 
Archaeoglobus fulgidus  83  67 
Methanocaldococcus jannaschii  85  39 
Methanopyrus kandleri  98  44 
Methanothermus sociabilis  88  45 
Pyrobaculum islandicum  100  33 
Pyrodictium brockii  105  56 
Pyrodictium occultum  105  65 
Thermoproteus neutrophilus   85  60 
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sequences stored in a database. The number of times the clone appears in the library may 
be interpreted to be its relative abundance in the community. This is not an accurate 
assessment of an organism’s abundance but is commonly used as a rough estimate of 
organismal diversity and abundance (36, 58, 64). Based on previous reports and their own 
analysis, the researchers observed a clear dominance of bacteria from the order 
Aquificales in their 16S rRNA phylogenetic survey. Members of the order Aquificales 
were thought to universally use H2 as an electron donor; however, some recently 
cultivated members of this order, such as Hydrogenobacter subterraneus and some 
Hydrogenobaculum-like organisms, are incapable of utilizing H2 to support growth (18, 
71).  
 Second, they performed water chemistry measurements, including dissolved H2, 
on thirteen springs over 70°C with distinct chemistries. Their goal was to examine a 
diversity of springs to provide an accurate representation of conditions seen in springs 
throughout YNP and to determine what effects differences in chemistry might have on 
microbial community diversity. Therefore, they examined some alkaline springs with low 
sulfide levels and some springs with low-to-neutral pHs and high sulfide concentrations. 
Chemistry results indicated that the concentrations of sulfides and reduced metals varied 
between springs. Conversely, H2 was found in all of the springs examined, and given the 
high solubility and diffusivity of H2, it is expected to be present throughout the spring. H2 
concentrations were measured seasonably in three springs to verify that H2 concentrations 
did not vary seasonally. In addition, Spear et al. (64) concluded that H2 was present in 
concentrations sufficient for metabolic use (>5-10 nm), although the Km of purified 
uptake hydrogenases have been determined to be much higher (1 µM to 19 µM) (29, 55).  
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  Third, they used these chemical measurements to perform thermodynamic 
modeling using the Gibbs free energy equation. The concentration of O2 in the hot 
springs they studied was low due to the reduced nature of the springs and it was difficult 
to measure given the poor solubility of oxygen (O2) in hot water (5). Therefore, the O2 
concentrations were not measured. Instead, they modeled potential energies of the 
reactions over a range of O2 concentrations. From these experiments they found that over 




Figure 1.2 Thermodynamic modeling results expressed in terms of the energy available 
per mole of O2.  The x-axis shows the variety of hypothetical O2 concentrations that were 
modeled by Spear et al. and the y-axis shows the thermodynamic potential (∆G) in 
kJ/mole of O2. The more negative the value of ∆G, the more energy is available. The 
solid line represent H2 oxidation and it is the most negative line in all of the springs over 





oxidation of H2 was a highly favorable reaction when compared to the oxidation of H2S 
and CH4.  This metabolism is consistent with the abundance of predicted hydrogen-
oxidizing organisms belonging to the order Aquificales.  
Origins of H2  
For H2 to be the dominant electron donor for growth in geothermal environments, 
H2 must be present in all geothermal environments.   H2 is hypothesized to be present 
everywhere on Earth above the upper mantle (23, 24) with low concentrations found in 
many environments. H2 can arise from both abiotic and biotic reactions.  Many 
mechanisms regarding the abiotic origins of H2 have been proposed, including reactions 
between dissolved gases in the magma and the radiolysis of water by radioactive isotopes 
(4).  Radiolysis occurs as radioactive elements (e.g., Uranium) decay causing the 
dissociation of water molecules. H2 is formed as one of the byproducts of that 
dissociation. Additionally, the recombination of other decay byproducts, such as two 
molecules of H•, results in the formation of additional H2 (47). Another commonly 
discussed abiotic process for the production of hydrogen is serpentinization, the process 
by which H2O reacts with ultramafic rocks, such as those in the Earth’s mantle, to 
generate H2-rich fluids (63). As gases are vented from the Earth’s mantle they diffuse 
upward toward the atmosphere (50), explaining the ubiquity of H2 in most environments.  
Another important consideration in the use of H2 among archaea and deeply-
branching bacteria, such as the Aquificales, is the relative simplicity of the H2 oxidation 
pathway.  The aerobic oxidation of hydrogen, also called the knallgas reaction, occurs via 
the following reaction: 
H2 + ½ O2  H2O 
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Ralstonia eutropha (formerly Alcaligenes eutrophus) is one of the best-studied knallgas 
bacteria and it provides the background for most of our understanding of the physiology 
of H2-oxidation (12, 49). In R. eutropha, ATP is generated during energy metabolism via 
the oxidation of H2, which releases energy. H2 is oxidized via a membrane-associated 
[NiFe] hydrogenase. This type of hydrogenase is widespread and the basis for H2 
metabolism in most knallgas bacteria that have been characterized (12).  As illustrated in 
Figure 1.3, the enzyme feeds electrons into the quinone pool, and as the electrons flow 
down the electron transport chain electrons are passed from the quinone pool to a series 
of cytochromes, eventually reaching the terminal electron acceptor, O2. The electron 
transport chain allows for the transfer of electrons from the donor molecule (H2) to the  
 
 
Figure 1.3 Schematic of the hydrogen oxidation pathway. H2 enters the cell via the 
membrane-bound hydrogenase (H2ase).  As the electrons flow, protons (H+) are pumped 
out. As the H+ reenters the cell via the ATP synthase (ATPase) ADP is converted to ATP. 
(Revised from reference 49). 
 
 
acceptor molecule (O2) to occur in a series of intermediate redox reactions.  The flow of 
electrons down a gradient is coupled with the creation of a proton gradient across the 
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membrane because quinones and some other electron carries can only carry electrons 
when also carrying a proton. As the electrons are passed from proton carriers to electron 
only carriers, the proton is extruded. As the protons re-enter the cell via ATP synthase 
(ATPase) they drive a conformation change in the ATPase that results in the synthesis of 
ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). 
 
Thermodynamic Predictions 
 While the hypothesis that H2 is the dominant electron donor in geothermal 
environments is supported by some thermodynamic predictions and physiological 
inferences (36, 64, 66), an alternative theory has developed. Geothermal environments, 
such as hot springs, have a continuous influx of potential electron donors from the heated 
groundwater. This influx generates a great deal of chemical disequilibrium in the 
environment as reduced species from the subsurface mix with O2 from the atmosphere, 
creating a diversity of thermodynamically favorable metabolic reactions, and other 
electron donors besides H2 or in conjunction with H2 may be important in geothermal 
environments. Therefore, more studies need to be conducted to directly examine the 
significance of H2 and other electron donors in geothermal environments.  
Despite the fact that the thermodynamic predictions performed by Spear et al. 
(64) indicate that H2 is favorable, looking only at three different electron donors and a 
single electron acceptor does not provide a complete picture of the metabolic landscape 
in geothermal environments. A few years before Spear et al. published their findings, a 
significantly more comprehensive analysis of potential redox pairs (182 potential 
reactions) in Obsidian Pool (OP) in YNP was published (62).  
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To examine potential metabolic reactions ongoing in OP, chemical measurements 
were made at seven different time points. To calculate amount of energy available from 
the disequilibria, reactions were modeled using the equation A=RT * ln(K/Q) to 
determine chemical affinity (64). In this equation, R is the universal gas constant; T is the 
temperature in Kelvin. Additionally, K is the equilibrium constant, which was calculated 
using the Gibbs free energy of the reaction, ∆Gºr, at in situ temperature and pressure. In 
this equation the relation is ∆Gºr, = -RT ln K.  Q is the activity product, which is the 
activities of the products divided by the product of the activities of all the reactants, each 
of which is raised to its stoichometric coefficient. Finally, A equals the chemical affinity 
of each reaction. A positive value of A indicates that the system is out of equilibrium and 
energy would be released if the reaction were to occur as indicated.   
Similar reactions were also modeled based on the chemistry of four hot springs in 
the Great Basin. 122 known and conceivable chemolithotrophic metabolic reactions were 
modeled following chemical measurements (13). Together, these studies provided a 
clearer look at the favorability of different redox pairs in geothermal environments 
(Figure 1.4). These calculations are normalized to electron flow and provide a value for 
the maximum amount of energy that can be derived from these reactions in an open 
system. The more thermodynamically favorable a reaction is, the more chemical energy it 
provides the organism to carry on the cell’s life processes, such as carbon fixation or 




Figure 1.4 A) Chemical affinities of different potential redox pairs in OP in YNP (from 
reference 62) and B) in four springs in the Great Basin (from reference 13). The Y-axis 
shows the chemical affinity in kJ/mole of electrons transferred and the values are 
normalized to electrons participating in electron transport. Reactions are placed in order 
from the most thermodynamically favorable (left) to the least thermodynamically 
favorable (right). Reactions involving O2 as the oxidant yield the greatest amount of 
energy. 
    
 
The data from YNP and the Great Basin (Figure 1.4) show a similar trend. The 
first group of reactions yield similar amounts of energy, and they all involve O2 as the 
oxidant.  This indicates that in all of the environments tested there are an abundance of 
reduced metals and inorganic compounds, in addition to H2, that could serve as electron 
 13
donors with O2 as the highly favorable electron acceptor. Shock et al. (62) hypothesized 
that the organisms present in the system are taking advantage of the disequilibria present 
using one or all of the reactions they examined. While these calculations serve as a menu 
for potential metabolic reactions we have little evidence that the organisms are 
performing any of the redox-reactions modeled in situ to obtain the energy necessary to 
sustain life.  
 
Testing the “H2 Hypothesis” 
Recently, researchers have begun developing and utilizing approaches to test the 
use of H2 and other electron donors in hot springs over 73°C. Experiments focusing on 
the relative use of H2 and H2S were performed recently in YNP hot springs providing a 
means to directly evaluate the relative importance of different electron donors (18). 
Homogenized microbial mats from Dragon Spring were incubated with either 200 µM 
Na2S or 25% H2 (40% for microaerobic enrichments), an acid-sulfate-chloride spring in 
the located in the Norris Geyser Basin in YNP, in closed serum bottles maintained at in 
situ temperatures, and the aqueous H2S and gaseous H2 were measured over time. They 
correlated the loss of H2S or H2 over time as apparent consumption of the substrates by 
the microbial community in the closed system. This study showed that the microbial mat 
community appeared to be utilizing H2S in µM concentrations per minute while 
simultaneously using H2 at nM concentrations per minute. Additionally, using an isolate 
representing the dominant mat phylotype, they conducted growth experiments 
demonstrating that while capable of using H2S and H2 as electron donors.  The results 
demonstrated that the organism grew better with H2S when concentrations similar to 
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those seen in situ were provided. Growth on H2 was only superior when H2 was present at 
saturating conditions, which is unlikely to occur in situ.  
Project Description 
 The use of thermodynamic modeling and physiological potential of organisms 
residing in geothermal environments is an important first step in exploring the potential 
energy budget of an ecosystem. However, they do not take into account the complexities 
of life. Variability in the kinetics of metabolic enzymes or the variability of physiological 
capabilities of related organisms are some of the additional factors that need to be 
considered when exploring the bioenergetics of an ecosystem. In order to bridge the gap 
between predicted metabolic activities and the actual metabolic activities occurring in 
situ, this project was designed to exploit the favorability of O2 as an electron acceptor. By 
monitoring the concentrations of O2 as environmental samples are exposed to different 
electron donors, the importance of those electron donors can be explored in situ.  
This project has three separate hypotheses:  
1. H2 is the dominant electron donor in the Great Basin hot springs.  If H2 is the 
dominant electron donor, then it is expected that only H2 will stimulate O2 consumption 
to the exclusion of all other electron donors. 
  2. An alternative electron donor other than H2 is the dominant electron donor in 
the Great Basin hot springs. If an alternative electron donor is the dominant electron 
donor, then the addition of this electron donor will stimulate O2 consumption to the 
exclusion of all other electron donors. 
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3. There is no dominant electron donor and multiple electron donors are used 
simultaneously. If multiple electron donors are used simultaneously, then a stimulation of 
O2 consumption throughout tests with different electron donors is expected. 
If the third hypothesis is correct, then it is possible for multiple electron donors to 
always be used simultaneously or that environmental conditions dictate which donor is 
most important at a given time or place. It is important to remember that these 
experiments were conducted in the bulk water and surface sediment of two particular 
springs in the Great Basin and they may not reflect the electron donors being used in 
other portions of the spring or in different spring systems. Regardless of the results 
obtained, it is possible, even likely, that at different times or locations in the spring the 
results will vary. 
The project described in this work was undertaken to further understand the role 
of H2 and other electron donors in the energy budget of geothermal ecosystems.  In order 
to do this, four specific objectives were outlined for the project:  
1. To develop a protocol to use microrespirometry to measure consumption of O2 
upon the addition of potential electron donors for experiments to be performed in the 
field, and to evaluate the efficacy of this technique using pure cultures of the 
thermophilic organism Thermocrinis ruber. T. ruber was grown in the presence of single 
or multiple electron donors.  Following growth, the rate of O2 consumption was measured 
upon the addition of electron donors. These experiments evaluated whether the genes for 
S2O32- metabolism and H2 oxidation are expressed constitutively in the T. ruber strain 
studied. After successfully experimenting with T. ruber and the electron donors of 
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interest, it was possible to utilize this protocol to test the electron donors on 
environmental samples.   
2. To use the O2 microsensor in the field to evaluate the O2 consumption 
stimulated by the addition of different electron donors to environmental samples 
collected from the Great Basin hot springs Great Boiling Spring (GBS) and Sandy’s 
Spring West (SSW). This objective was the primary means of evaluating the hypotheses 
that were presented. If the addition of a certain electron donor did not lead to an increase 
in the rate of O2 consumption, then it was interpreted that the enzymes responsible for 
that metabolism were not functional in situ (Figure 1.5) or that the metabolic reaction was 
already occurring at maximum velocity (Vmax). It was interpreted that if the addition of a  
 
 
Figure 1.5 Anticipated rates of O2 consumption if: A) the addition of an electron donor 
does not stimulate O2 consumption; B) the addition of an electron donor stimulates a 
moderate rate of O2 consumption; C) the addition of an electron donor stimulates a high 




given electron donor, such as H2, stimulates any O2 consumption, then the environmental 
(H2 is present, so H2 genes are expressed) or physiological (H2-oxidation genes are 
constitutively expressed) conditions favor the transcription and translation of enzymes 
required for that metabolism.  Additionally, if multiple electron donors stimulate a 
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consumption of O2, then it can be interpreted that multiple metabolic pathways may be 
functional in situ. Beyond that, it is difficult to interpret what the rates of O2 consumption 
may mean. A high rate of O2 consumption may signify a large percentage of the cells in 
the sample may be utilizing that electron donor or that the Vmax for a given enzyme may 
result in a faster rate of O2 consumption. 
 3. To characterize the microbial community, terminal-restriction fragment length 
polymorphism (T-RFLP) and fluorescent in situ hybridization (FISH) were performed.  
T-RFLP is a PCR-based method for evaluating community diversity.  It was performed 
on DNA extracted from the sediment and the bulk water using archaea- and bacteria- 
specific primers. Using sequence data generated from previous clone libraries, 
predictions were made regarding what T-RFLP fragment sizes to expect if the microbial 
community was unchanged. In addition to T-RFLP, FISH was used to further 
characterize the microbial community in the bulk water. FISH uses fluorescently tagged 
probes targeted to specific RNA sequences. Following hybridization of the probes, 
microscopy is used to visualize the microbial community and provides a means to 
quantify the abundance of specific microorganisms.  
 4. To determine if the genes for representative metabolic pathways are being 
transcribed in situ, attempts were made to utilize reverse transcriptase polymerase chain 
reaction (RT-PCR). This technique would provide insight into which metabolic genes are 
transcribed at the times when respirometry experiments are performed by showing which 
RNA molecules are present in the in the environment. If one dominant electron donor in 
objective two is observed, then it is anticipated that genes required for the enzyme that 
catalyzes the metabolic reaction would be expressed in situ.   
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The field and laboratory experiments will help to increase the overall knowledge 
of the relative importance of different electron donors for aerobic metabolism, and T-
RFLP and FISH serve as an important step in determining which organisms are present 
and may be responsible for different metabolic reactions observed.  
 
Great Basin Hot Springs 
 The Great Basin is a semi-arid, endorheic region in the western United States. It 
occupies an area of about 400 000 km2, including much of Nevada and western Utah. The 
Great Basin region is bounded by the Mojave Desert to the south, the Columbia Plateau 
to the north, the Wasatch Range and Colorado Plateau to the east and the Sierra Nevada 
mountains to the west (Figure 1.6).  
The Black Rock Desert lies in the northwest portion of the Great Basin, and the 
Great Boiling Springs are located in the southwest part of the desert.  These springs sit 
atop the intersection of three major fault zones in a nonvolcanic region where the last 
eruption occurred approximately 23 million years ago.  The focus of this study is on two 
of the well-characterized Great Basin hot springs, Great Boiling Spring (GBS, also 
referred to as GBS17a) and Sandy’s Spring West (SSW). These springs are located 
approximately one mile from one another and share similar chemistries and mineralogies 




Figure 1.6 Map of the Great Basin. The study site is located within the Great Basin in 




 GBS and SSW share an underground aquifer (3). Therefore, the chemistry in the 
two springs is similar. One large difference between GBS and SSW is the residence time 
of the bulk water in the source pool. GBS is a stagnant spring and has a residence time of 
approximately 1.5 days (Figure 1.7). However, SSW has a high flow rate resulting in a 
residence time of approximately 5 minutes. Due to the higher residence time in GBS, O2 
is able to accumulate and the spring has a higher concentration of oxidized compounds, 
whereas SSW has a lower concentration of O2 and more reduced compounds dominate. 
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By using these two springs, we can explore what affect O2 concentration may have on the 




Figure 1.7 The two hot springs of interest in this study are Great Boiling Spring, pictured 
at left, and Sandy’s Spring West, pictured at right. These springs share the same 
subterranean reservoir and similar chemistries, but their microbial communities and 




The Microbial Community of GBS and SSW 
To analyze the microbial community residing in the GBS and SSW bulk water 
and sediment, DNA was extracted, the 16S rRNA gene was PCR amplified and clone 
libraries were constructed. The clones were sequenced and analyzed based on their 
phylogenetic relationship to cultured organisms. In this study, the data collected during 
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previous experiments (13) were used to hypothesize the potential physiologies of the 
microbial community. These inferred physiologies were based on the theory that the 
phenotypes of specific organisms are revealed by their phylogenetic groupings. This 
theory may be incorrect, but it provides a framework for examining which electron 
donors may be important and are therefore good candidates to be tested experimentally in 
micro-respiration studies. 
GBS & SSW Water Microbial Communities 
The water-borne communities of GBS and SSW had relatively little diversity (~2-4 
species). They both appear to be predominantly composed of one species of bacteria and 
one species of archaea (19). The dominant bacterium found in both GBS and SSW water 
was determined to be a close relative to Thermocrinis ruber, a member of the order 
Aquificales. T. ruber was first isolated from YNP. T. ruber grows chemolithotrophically 
with O2 as the electron acceptor and H2, S2O32- or S0 as the electron donor. Early 
experiments also indicated that T. ruber grows in the presence of formate with or without 
the addition of carbonate, which is an organic carbon source. Therefore, T. ruber can 
grow autotrophically by fixing carbon or organotrophically (34). 
 The GBS and SSW water differ in their archaeal composition. The GBS water 
clone library was dominated by an organism belonging to the genus Pyrobaculum, while 
the SSW water library was dominated by an archaeon closely related to the organism 
“Candidatus Nitrosocaldus yellowstonii.”  Archaea belonging to the genera 
Pyrobaculum are microaerophiles and nitrate and elemental sulfur reducers (33, 59, 73). 
The members of the Pyrobaculum can use a wide variety of electron donors for 
chemotrophy including H2, CO2, S0, S2O32-, yeast extract and simple organic compounds, 
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including acetate and propionate (30, 33, 59, 73). As Pyrobaculum and Thermocrinis can 
both utilize similar electron donors, such as H2 and S2O32-, there may potentially be an 
overlap in the electron donors utilized by the bacteria and archaea in situ. However, the 
archaeon found in the SSW water, “Candidatus N. yellowstonii,” grows by aerobically 
oxidizing NH3 (15). Previous measurements show that the concentration of NH3 is higher 
in SSW (47.1 µm) than in GBS (18.3 µm) (13). Therefore, the chemical composition of 
the SSW water may favor a microbial population with more diverse physiological 
capabilities than GBS. 
GBS & SSW Sediment Microbial Communities 
 Overall, the phylogenetic analysis of GBS and SSW sediment revealed a much 
greater diversity of microorganisms within the two springs (for inferred physiologies see 
Tables 1.1 to 1.4) than was found in the bulk water. Additionally, phylogenetic analysis 
showed that 30% of the bacterial clones in GBS and SSW were not phylogenetically 
affiliated with known phyla; making physiological inferences about these phylotypes is 
impossible.  
A majority of the clones from GBS sediment belong to the phylum Chloroflexi, 
which is an extremely phenotypically diverse phylum (Figure 1.8). Cultured 
representatives of the Chloroflexi include thermophiles, mesophiles, phototrophs, 
chemotrophs, aerobes and anaerobes, among other things. Of these Chloroflexi clones, 
only GBS_L1_F04 currently has a closely related, cultured representative. GBS_L1_F04 
shares 98% percent maximum identity to Thermomicrobium roseum, which was isolated 
from Toadstool Spring in YNP (37). T. roseum grows heterotrophically, but genome 
analysis indicates T. roseum may be capable of chemotrophic growth using CO or H2 as 
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potential electron donors (74). Additionally, the genome analysis suggests that T. roseum 
might be capable of growing autotrophically, utilizing CO2 for carbon fixation (74). 
Aside from the genomic evidence, it remains untested whether T. roseum can grow using 
H2 as a sole electron source.  
The clone GBS_L1_G04 shares 99% identity with Thermus thermophilus. 
Organisms belonging to the genus Thermus were originally characterized as strict 
chemoorganotrophic aerobes, however some strains have been shown to grow 






















Figure 1.8 Phylogenetic tree of bacterial phylotypes found in the GBS and SSW 
sediment. Clones in BLACK represent sequences found in GBS and clones in GREY 
were found in SSW. GBS_L1_C01 was found in both GBS and SSW. Clones named SSE 
and G04b were initially found in Sandy’s Spring East and Great Boiling Spring 04b, 
respectively. The same phylotypes were also found in the spring to which they were 




GBS_L1_C01 was the only clone found residing in both GBS and SSW sediment.  
GBS_L1_C01 is also closely related to the dominant bacteria residing in the GBS water 
column (19). It is highly similar to T. ruber, a member of the Aquificales that grows 
aerobically utilizing H2, S0 and S2O32- to support growth.  
 
Table 1.2 Identity of bacterial phylotypes found in GBS sediment. Inferred physiologies 
are based on the metabolism of their closest cultured representative (≥95% identity). 
Clone Closest Cultured Representative 
Max 
Identity Inferred Metabolism 
G04b_L1_B06 Frankia sp. (L40616) 82%  
GBS_L1_A03 Dehalococcoides sp. (AJ431246) 85%  
GBS_L1_A05 Acidobacteriaceae sp. (AM749787) 84%  
GBS_L1_B05 Thermodesulfatator sp. (EU435435) 82%  
GBS_L1_C01 Thermocrinis ruber (AJ005640.1) 96% H2, S2O32- Oxidation 
GBS_L1_C06 Thermodesulfovibrio sp. Hbr5 (EF081294) 82%  
GBS_L1_D03 Desulfotomaculum kuznetsovii (AY036904) 82%  
GBS_L1_F03 Thermus aquaticus (NR_025900) 98% Organotrophy 
GBS_L1_F04 Thermomicrobium roseum (CP001275) 98% Organotrophy, CO, H2 
GBS_L1_G04 Thermus thermophilus (DQ974208) 99% Organotrophy 
GBS_L1_H06 Ammonifex thiophilus (EF554597) 85%  
GBS_L4_E11 Rhodothermus marinus (AF217494) 81%  
GBS_L4_E12 Rhodothermus marinus (EU652097) 83%  




A variety of the bacteria present in GBS and SSW belong to the proposed phyla 
OP1, OP10 and OP9. These phyla were first identified during a culture-independent 
phylogenetic study of Obsidian Pool in YNP (36). Of these three proposed phyla, only 
organisms phylogenetically belonging to OP 10 have been cultivated. The first isolate 
from the phylum OP10 grew at a temperature optimum of 60°C chemoorganotrophically 
in aerobic conditions (70). The other two candidate divisions have no cultivated 
representatives so the only information that is known about them is based on 16S rRNA 
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gene sequence data. While this provides important phylogenetic information, it does not 
give insight into their physiological capabilities. Therefore, inferences about the 
physiology of the representatives found in GBS and SSW cannot be made. 
 
Table 1.3 Identity of bacterial phylotypes found in SSW sediment. Inferred physiologies 
are based on the metabolism of their closest cultured representative (≥95% identity). 





SSE_L1_A02 Thermosulfidibacter takaii (AB282756) 86%  
SSE_L1_A04 Dictyoglomus thermophilum (CP001146) 97% Fermentation 
SSE_L1_D04 Thermodesulfobacterium commune (AF418169) 81%  
SSE_L1_E01 Dehalococcoides sp. (AJ431246) 85%  
SSE_L1_E04 Caldus autotrophicum (EF554596.2) 94%  
SSE_L1_G04 Thermotoga hypogea (U89768) 98%  
SSW_L1_A03 Thermoanaerobacter sp. (AY800104) 83%  
SSW_L1_C03 Ferribacter thermoautotrophicus (AF282254) 80%  
SSW_L1_F04 Thermotoga petrophila (CP000702) 99% Fermentation 
SSW_L1_H02 Ammonifex thiophilus (EF554597) 85%  
SSW_L2_A02 Thermodesulforhabdus (AF170420) 81%  




 A similar problem is found with attempting to infer metabolism of the archaeal 
organisms residing in GBS and SSW because they are predominantly represented by 
organisms belonging to the phylum Crenarchaeota and these organisms are not closely 
related to cultivated organisms (Figure 1.9). While unaffiliated, many of the phylotypes 
group into the phylum Crenarchaeota. A recent finding (43) is that some crenarchaeotes 
play a significant role in ammonia oxidation, a role once thought to be restricted to the 
Beta- and Gammaproteobacteria. In 2005, Nitrosopumilus maritimus was cultivated from 
a marine environment (43). This mesophilic archaeon is capable of aerobically oxidizing 
ammonia to nitrite (43).  This lead to several cultivation-independent surveys examining 
the abundance of archaeal ammonia oxidizing genes in different environments (22, 76). 
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Table 1.4 Inferred metabolism of archaeal phylotypes from GBS sediment based on the 
metabolism of their closest cultured representative if it shared ≥95% identity.  
Clone Closest Cultured Representative 
Max 
Identity Inferred Metabolism 
SSE_L4_B03 “Candidatus Nitrosocaldus yellowstonii” 99% Aerobic ammonia oxidation 
GBS_L2_C12 Vulcanisaeta distributa (AB063639) 85%  
GBS_L2_A09 Vulcanisaeta distributa (AB063640) 84%  
GBS_L2_E12 Thermofilum pendens (CP000505) 86%  




Once analysis of genomic DNA extracted from hot springs in YNP indicated the 
presence of genes for ammonia oxidation, enrichments were conducted in an attempt to 
isolate thermophilic archaea capable of ammonia oxidation. The enrichments were 
inoculated with sediment slurries from a variety of geothermal features in YNP. 
Following inoculation, the enrichments were maintained in the dark at 60-80°C. From the 
enrichment inoculated with samples from Heart Lake hot spring, the archaeon 
“Candidatus Nitrosocaldus yellowstonii”, an autotrophic, aerobic ammonia oxidizer with 
an optimum growth temperature of 65°-72°C was identified (15). This organism branches 
with clone SSE_L4_B03 found in GBS, allowing for the possibility of ongoing aerobic 




Figure 1.9 Phylogenetic tree of archaeal phylotypes found in GBS and SSW sediment. 
Clones in BLACK represent sequences found in GBS and clones in GREY were found 
in SSW. GBS_L2_C12 was found in both GBS and SSW. Clones named SSE and G04b 
were collected from Sandy’s Spring East and Great Boiling Spring 04b, respectively. The 
same phylotypes were also found in the spring to which they were assigned in the 
phylogenetic tree (revised from reference 13).  
 
 
Prior to the discovery of ammonia oxidizing archaea (AOA), many of the 
cultivated representatives of the Domain Archaea were known sulfur reducers. These 
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organisms perform S reduction (20, 33), SO42- reduction (11, 14, 67), S2O32- reduction 
(42, 67), and SO32- reduction (57). Another common metabolism performed by Archaea is 
methanogenesis, the conversion of H2 and carbon dioxide, and many other substrates to  
 
Table 1.5 Inferred metabolism of archaeal phylotypes from SSW sediment based on the 
metabolism of their closest cultured representative if it shared ≥95% identity. All 
organisms are anaerobes unless otherwise noted. 





SSE_L4_D01 Vulcanisaeta distributa (AB063641) 85%  
SSW_L4_F01 Vulcanisaeta distributa (AB063641) 83%  
SSW_L4_G06 Thermofilum pendens (X14835) 82%  
SSW_L4_H01 Staphylothermus achaiicus (AJ012645) 84%  
SSE_L4_A06 Thermofilum pendens (CP000505) 87%  
SSE_L4_D02 Thermofilum pendens (X14835) 84%  
SSW_L4_D05 Hyperthermus butylicus (CP000493) 85%  
SSW_L4_G03 Staphylothermus achaiicus (AJ012645) 85%  
SSW_L4_E01 Hyperthermus butylicus (CP000493) 85%  
SSW_L4_E05 Ignisphaera aggregans (DQ060321) 89%  
SSE_L4_H05 Thermococcus aggregans (X99556) 98% Chemoorganotroph 
SSW_L4_A01 Ignisphaera aggregans (DQ060321) 95% Heterotroph 
SSW_L4_D06 “Candidatus Korarchaeum cryptofilum” (CP000968) 98% Chemoorganotroph 
SSW_L4_E06 Aciduliprofundum boonei (DQ451875) 92%  
SSE_L4_E01 Archaeoglobus fulgidus (AE000782) 98% Sulfate reducer 
SSW_L4_H06 Thermofilum pendens (CP000505) 90%  
SSW_L4_A04 Staphylothermus achaiicus (AJ012645) 91%  




methane (9, 38, 44). Another metabolism performed by archaea growing anaerobically is 
the fermentation of peptides and carbohydrates resulting in the production of organic 
acids, H2 and CO2 (10, 11, 48). However, these anaerobic metabolisms give little insight 
into what reactions may be occurring in the surface sediment and bulk water where O2 is 
present (Figure 1.4 and 1.5). As O2 is the most thermodynamically favorable electron 
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acceptor, it is hypothesized in this study that O2 is being utilized preferentially in the 
environments in which it is present.  
Summary 
The predominant hypothesis regarding the source of energy in geothermal 
environments is that H2 is the dominant electron donor.  This theory is supported by 
thermodynamic and phylogenetic analyses that have been performed on springs located 
in YNP.  More extensive thermodynamic studies performed on hot springs in YNP and 
the Great Basin indicate that there are multiple potential electron donors that can provide 
significant sources of energy in these environment. However, in all of the calculations O2 
is always the most favorable acceptor. To more accurately determine the relative 
importance of different electron donors, stimulation experiments with various potential 
electron donors were preformed in this study using an O2 microsensor.  
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MATERIALS AND METHODS 
Microrespirometry 
Pure Culture Experiments. Thermocrinis ruber was cultured in Octopus Spring 
medium (DSMZ 887) which contains (per 1 L) 256 mg NaCl, 1.7 mg KH2PO4, 0.80 mg 
CaCl2 X 2 H2O, 10.30 mg H3BO3, 23 mg Na2SO4, 0.30 mg NaNO3, 15 mg KCl, 0.1 mg 
FeCl3 X 6 H2O, 0.06 mg MnSO4 X 4 H2O, 1 g NaHCO3, 1 g Na2S2O3 X 5 H2O (optional 
electron donor) and 10 ml of trace element solution (9, 10). The medium was adjusted to 
pH 7 with H2SO4 under aerobic conditions. The medium was sparged with N2 gas for five 
minutes and then brought into the anaerobic chamber and transferred into serum bottles. 
The bottles containing 10 ml of media were stoppered, crimped and the headspace was 
exchanged with N2 prior to autoclaving. The gas phase consisted of a 94:3:3 ratio of 
N2:O2:H2. The medium was then inoculated with 100 µl of T. ruber and incubated for 48 
hours without shaking in the dark at 75°C.  
Sampling Sites & Sample Collection. The sampling site for Great Boiling 
Springs (GBS) was at the global positioning system location N40º 39.689' W119º 
21.968’ (datum: WGS84) and Sandy’s Spring West (SSW) is located at N40º 39.182' 
W119º 22.496 (datum: WGS84). Samples of spring water were collected and analyzed in 
June 2008 and October 2008. Samples were collected in 50 ml falcon tubes (BD 
Biosciences, San Jose, CA). For sample collection, the Falcon tubes were immersed in 
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the water and capped while immersed to insure the samples contained no excess air. The 
samples were placed in a cooler filled with spring water to maintain the in situ 
temperature and transported from the hot spring to the location of the micro-respiration 
system within 10 minutes of sampling. 
Microsensor Operation. A fast-responding Clark-type O2 microsensor with a 
guard cathode manufactured by Unisense (Denmark) was used to measure O2 
concentrations (18). The O2 sensor had a stirring sensitivity of less than 2% and a 90% 
response time of 1-3 seconds. The microsensor was connected to a picoammeter 
(PA2000, Unisense) and the measurement signals were recorded on a PC with a data 
acquisition system (‘MicOx’, Unisense).  
To measure the oxygen concentration, samples were transferred to a 2 ml glass 
chamber and then hermetically closed with a glass stopper into which the microsensor 
was inserted. The chamber was submerged in a water bath to maintain the in situ 
temperature and to prevent any diffusion of air (Figure 2.1). Homogenization of the 
sample was maintained through the use of a stir bar, which prevented the formation of an 
O2 gradient. Once the chamber was submerged in water, the sensor was inserted into the 
chamber where the O2 diffused through the sensor’s permeable silicone membrane. As 
the O2 diffused through the membrane it was reduced by the Au-cathode and created an 
electric current (12). The current from the electrode was detected by the picoammeter 
then transmitted through an analog-to-digital (A/D) converter where it was converted into 




Figure 2.1 A schematic representation of the Unisense oxygen microsensor used to 
measure oxygen consumption with the addition of exogenous electron donors (Unisense). 
1) Samples are placed in a closed 2 ml glass chamber.; 2) At the bottom of the chamber a 
stir bar controlled by the stirring control is used to to prevent an oxygen gradient from 
forming; 3) The oxygen microsensor is inserted into the chamber where it measures the 
electric current; 4) The current is then transmitted to the picoammeter; 5) The current is 
translated by the A/D converter to a digital number; 6) The number is recorded by the 




Calibration. The electrodes used in this study were polarized for at least 15 
minutes to -0.5 V to remove oxygen from the electrolyte.  A linear calibration of the 
sensor signal was performed before experimental measurements were conducted. 
Temperature and salinity were recorded in the MicOx software, which determined the O2 
solubility values. To calibrate the electrode, spring water was aerated using an air pump 
and pumice stone for an air-saturated control and water was reduced using 0.1 M sodium 
ascorbate and 0.1 M NaOH for an anoxic control (18, 19, 21) were used.  The values of 
the air-saturated and anoxic controls were logged into MicOx. The zero-calibration was 
performed in a special chamber with silicone tubing to protect to electrode from coming 
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into direct contact with the reductant mixture.  
Measurement. Once the samples were transferred into the chamber as was 
previously described, the sensor was inserted into respirometry the chamber and 
background respiration rates were measured for 3 minutes (Figure 2.3); then potential 
electron donors were added via syringe. Liquid electron donors (S2O32-, 
formate/lactate/acetate/propionate, and NH3) were added to the chamber via syringe to a 
final concentration of 1 mM. Gaseous electron donors (H2, CH4) were added to a final 
concentration of 10 µM. The final electron donor, a combination of yeast extract (YE)  
 
 
Figure 2.2 Micro-respirometry from an typical experiment conducted with samples of 
GBS bulk water upon the addition of S2O32-. A represents minutes 0 to 3 where the O2 
concentration of O2 is measured prior to the addition of a potential electron donor. B 
represents minute 3, the point when the electron donor was added via syringe and time 
was allowed for the probe to re-equilibrate. C is minutes 4 to 7, the interval over which 
rates of O2 consumption were calculated. D is minute 7 to 20 over which the experiment 




and peptone was added in excess (w/v 0.5% peptone and 1% YE). The sensor was 
reinserted into the chamber after the electron donor was added and measurements were 
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recorded every 6 seconds for 20 minutes. All six electron donors were tested in triplicate 
with a fresh sample used for each experiment. 
Calculations. Using the MicOx software, the concentration of O2 (µM) in the 
respirometry chambers was recorded every six seconds for 20 minutes. Following the 
addition of the electron donor, the first minute was not included in calculations to allow 
for re-equilibration (Figure 2.3).  Following the first minute, the rate of O2 consumption 
was calculated by determining pmoles of O2 consumed by the sample per minute per ml 
over a three-minute period, unless otherwise indicated.  
Upon the addition of any gaseous electron donors, an immediate, significant 
decrease in current was observed. As this was observed with all gaseous electron donors 
tested (H2, CH4, N2), it was determined to be an artifact and was attributed to the change 
in pressure in the chamber. After addition of the gaseous electron donors, some change in 
the environment, such as the gas samples not immediately dissolving, is believed to cause 
improper diffusion of O2 through the microsensors membrane. Therefore a seven-minute 
window was allowed for re-equilibration prior to calculations of O2 consumption rates 
(Figure 2.3). For sediment samples, the pmoles of O2 consumed per L was converted to 




Figure 2.3 Micro-respirometry results typical of samples amended with gaseous electron 
donors. A represents minutes 0 to 3 where the consumption of O2 is measured prior to the 
addition of a potential electron donor. B represents minutes 3 to 10 after the addition of 
the electron donor. Time was allowed for the probe to re-equilibrate following the 
addition of the gaseous electron donors. C is minutes 10 to 13, the interval over which 
rates of O2 consumption were calculated. D is minute 13 to 20 over which the experiment 




Controls. Spring water filtered through a 0.2 µm filter and run under the same 
conditions as the experimental samples was used as a negative control. Filtering the 
controls lowered the starting O2 concentrations by ~ 10±5% from the experimental 
samples.  For sediment negative controls, sediment samples were collected and 
immediately frozen on dry ice and transported back to the laboratory where they were 
stored at -20°C until further use. The samples were thawed in the anaerobic chamber and 
then transferred to a serum bottle. The headspace was exchanged with N2 for five 
minutes, and the samples were autoclaved (30 minutes/123°C/15 psi). Following 
autoclaving, the samples were returned to in situ temperatures and experiments were 
performed as previously described. The treatment of the sediment samples lowered the 
O2 concentrations ~9±7% from the experimental samples. 
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Enrichments. Enrichments were conducted in October 2008 in samples from 
GBS and SSW. For these experiments, 20 ml of spring water or spring water and 
sediment were amended with 1 mM S2O32-, NH3, YE/peptone, FLAP mixture (1 mM 
each). For the gaseous electron donors, 5 ml of H2/CO2 (80:20 vol/vol) or CH4 were 
added after the samples were stoppered. The samples were incubated in situ for 48 hours. 
The headspace was exchanged every 24 hours with atmospheric gas, and additional 
gaseous electron donors were added following the exchange. The samples were 
transported in the dark back to the laboratory where cell density was determined for each 
sample using a Petroff-Hauser counting chamber (Hausser Scientific, Horsham, PA). 
Enrichments were also performed in March 2009 under the same conditions as in 
October 2008 using H2S, S2O32-, acetate, formate, propionate, lactate and FLAP as 
potential electron donors. These enrichments were incubated for 84 hours in samples 
from GBS or SSW. The headspace was not exchanged due to the observance of poor 
growth. The samples were transported in the dark back to the laboratory where cell 
densities were determined using a Petroff-Hauser counting chamber. 
 
Terminal-Restriction Length Polymorphism (T-RFLP) 
DNA Extraction. For water column samples, genomic DNA was collected by 
filtering 300 ml of spring water through a Supor Filter with 0.2 µm pore size (Pall Life 
Sciences, Ann Arbor, MI). After filtration, filters were stored in microcentrifuge tubes 
and frozen immediately on dry ice. Sediment samples for DNA extraction were collected 
at the sediment/water interface (top ~1 cm) with a sterile spatula and placed in 1.5 ml 
microcentrifuge tubes (VWR, West Chester, PA) and frozen immediately on dry ice.  
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Figure 2.4 A schematic representation of the steps involved in T-RFLP experiments. The 
use of a labeled primer and digestion of PCR amplicons results in fluorescently labeled 
fragments of varying lengths. These lengths can then be assigned to specific groups if 




Sediment and water samples were transported back to the laboratory and stored at -80°C 
until further use. DNA was then extracted from the hot spring water and sediment 
samples using the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH) according to 
the manufacturer’s instructions. Figure 2.4 is a schematic of the T-RFLP process. 
PCR Amplification. Triplicate PCR reactions of 25 µl contained 1X PCR Buffer 
(1.5 mM MgCl2), deoxynucleoside triphosphates (200 µM each), primers (1 µM each) 
and 1.25 U of GoTaq DNA polymerase (Promega, Madison, WI).  The two primers 
(Table 2.1), 519uR (6) and 1406uR (13), were labeled at the 5’ end with 
carboxyfluorescein (6-FAM). DNA amplification was performed using an Eppendorf 
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Mastercycler (Westbury, New York) using the following program: an initial 4 minute hot 
start at 95°C, followed by 35 cycles of denaturation (30 seconds at 95°C), annealing (45 
seconds at 55°C) and extension (2 minutes at 72°C), and finally a 7 minute extension at 
72°C. Gel electrophoresis was used to verify the presence of product and to determine the 
appropriate dilutions to be used for preparing samples to be sent for T-RFLP analysis.  
 
Table 2.1 The primer sequences and recognition sequences of the restriction enzymes 
used in T-RFLP analysis. 
Primer Target Sequence Reference 
8aF Archaea GR*G TTT GAT CCT GGC TCA G 3 
9bF Bacteria TCY* GGT TGA TCC TGC C 3 
519uR Universal GTH* TTA CCG CGG CK*G CTG 6 
1406uR Universal ACG GGC GGT GTG TRC AA 13 
* R=A/G; Y=C/T; H=A/C/T; K=G/T    






Restriction Digest. Aliquots (10 µl) of the fluorescently labeled PCR products 
were digested with a restriction enzyme (either HaeIII or HhaI) according to the 
manufacturer’s instructions. Bacterial DNA was digested using HaeIII (New England 
Biolabs, Inc., Beverly, MA) and archaeal PCR products were digested using HhaI (New 
England Biolabs, Inc., Beverly, MA). Sequence data from 16S rRNA gene clone libraries 
indicated that HaeIII and HhaI would differentiate most of the abundant bacterial and 
archaeal phylotypes (Table 2.2).  The digest reactions were incubated for 8 hours at 37°C 





Table 2.2 Predicted T-RFLP fragment sizes of archaeal and bacterial organisms amplified with 5’ 
labeled 519uR primer according to sequence data collected from the clone library performed in 
2007 
    Archaeaa   Bacteriab 
Location  Clone  Fragment 
length 
 Clone  Fragment 
length 
GBS Water  GBS-TFF 1  133  GBS_L1_C01  60 
      SSE_L1_G06  205 
GBS 
Sediment 
 SSE_L4_B03  133  GBS_L1_C06  96 
 GBS_L2_C12  131  GBS_L1_A03  30 
 GBS_L2_A09  131  GBS_L1_F04  180 
 GBS_L2_E12  116  G04b_L1_B06  177 
 GBS_L3_B06  131  GBS_L1_D03  179 
 GBS_L2_C12    GBS_L1_B05  123 
     GBS_L4_E11  112 
     GBS_L4_E12  34 
     GBS_L1_G04  30 
     GBS_L1_F03  30 
     GBS_L1_H06  112 
     GBS_L1_A05  72 
     GBS_L1_C01  60 
      
SSE_L1_G06  205 
SSW Water 
 SSW-TFF 1  132  GBS_L1_C01  60 
     
SSE_L1_G06  205 
     
Synechococcus   314 
      Thermus   30/34 
SSW 
Sediment 
 SSE_L4_D01  131  SSE_L1_G06  205 
 SSW_L4_F01  131  SSE_L1_E01  34 
 SSW_L4_G06  131  SSW_L2_A03  204 
 SSW_L4_H01  104  SSE_L1_A04  180 
 SSE_L4_A06  108  SSW_L2_F02  180 
 SSE_L4_D02  115  SSW_L1_A03  30 
 SSW_L4_D05  113  SSW_L1_H02  120 
 SSW_L4_G03  142  SSE_L1_E04  121 
 SSW_L4_E01  142  SSE_L1_A02  120 
 SSW_L4_E05  142  SSW_L2_A02  107 
 SSW_L4_H06  113  SSE_L1_D04  82 
 SSW_L4_A04  133  SSE_L1_G04  203 
 SSE_L4_H05  142  SSW_L1_F04  203 
 SSW_L4_A01  131  SSW_L1_C03  107 
 SSW_L4_D06  129  GBS_L1_C01  60 
 SSW_L4_E06  114     
 SSE_L4_E01  117     
aArchaeal fragment lengths predicted based on location of HhaI restriction site 
bBacterial fragment lengths predicted based on location of HaeIII restriction site 
 46
16S rDNA T-RFLP. Fragments were sent overnight to the University of Illinois 
at Urbana-Champaign Biotechnology Center where fragment analysis was performed 
using an ABI Prism Analyzer capillary electrophoresis platform (Applied Biosystems, 
Carlsbad, CA).  The samples were run with the molecular size standard GeneScan™ 
ROX1000 (GeneScan, Freiburg, Germany). Each of the triplicate PCR amplifications and 
restriction digests with the 519uR primer were sent for analysis. The two resulting 
electropherograms with the most overall consensus were used for analysis. Samples 
amplified with the 5’ labeled 1406uR primer were run once and used when necessary to 
clarify results from the 519uR samples. 
Analysis of T-RFLP data. Visualization of the T-RFLP electropherograms was 
performed using using GeneMapper software (version 4.0 Applied Biosystems, Carlsbad, 
CA). The raw data consisting of fragment lengths and the corresponding peak area were 
exported to Microsoft Excel for further analysis. Peaks with a fluorescent threshold under 
50 units (2X the baseline value) were removed from consideration (15). Additionally, 
fragments under 25 base pairs and over 500 base pairs were removed to prevent the 
detection of primers and undigested fragments. In order to normalize the data, the total 
peak area of each fragment was summed and those with areas less than 0.5% of the total 
peak area were removed. Additionally, the T-FRLP Phylogenetic Assignment Tool (11) 
http://trflp.limnology.wisc.edu/) was used to aid in providing phylogenetic assignments 
for the appropriate terminal restriction fragment lengths.   
 
Fluorescent in situ hybridization (FISH) 
 Fixation & Permealization. FISH was performed on environmental samples 
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collected in June 2008 according to protocols previously described (1, 2). Cells from the 
bulk water were concentrated using tangential flow filtration.  One volume of each 
environmental sample was placed in 3 volumes of 4% paraformaldehyde solution. 
Samples were fixed for approximately 12 hours at 4°C.  Following fixation the samples 
were washed twice (centrifuged at 12,000 rpm for 5 minutes) with 1X Phosphate buffered 
saline (PBS, pH 7.4) to remove residual fixative. The samples were resuspended in 200 
µl of 1X PBS. The samples were stored in 1:1 PBS/ethanol and kept at -20°C until use.  
 Probes. All probes, labeled at the 5’ ends with fluorescein or Cy3, were purchased 
from Integrated DNA Technologies (Coralville, IA) or MWG Biotech (Edersburg, 
Germany). Probe sequences were verified using Check Probe analysis from the RDP-II 
(14). All probe sequences, targets, optimized formamide concentrations and references 
are listed in Table 2.3. Targets and formamide conditions were verified using Escherichia 
coli, Methanococcus maripaludis and Thermocrinis ruber as controls.  
 Hybridization. 2 µl of the fixed samples in ethanol-PBS were placed on the slide 
and allowed to air dry. Then the samples were dehydrated through successive dipping in 
50%, 80% and 96% ethanol (3 minutes each). Once the slide was dry, 50 ng of each 
fluorescently tagged probe were aliquoted onto each well with 8 µl of hybridization 
buffer (0.9 M NaCl, 20 Tris-HCl (pH 8.0), 0.02% sodium dodecyl sulfate (SDS).  The 
slides were then placed in a humid 50 ml polypropylene tube and incubated at 46°C for 2 
hours.  
 Wash. Following hybridization, slides were rinsed with 25 ml of deionized water 
and placed into the wash solution (5 mM EDTA, 20 mM Tris-HCl (pH 8.0), 0.01% SDS) 
for 30 minutes at 48°C.  
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Table 2.3 Targets and sequences of probes used in the evaluation of the GBS and SSW 




After a 20 minute wash, the slides were removed and then counterstained with ice-cold 
(4°C) 4,6-diamidino-2-phenylindole (DAPI) solution (1µg/ml) and then rinsed by dipping 
briefly into ice cold, sterile, deionized water.  The slides were dried under a stream of air, 
and Vectashield® Mounting Medium (Vector Laboratories, Burlingame, CA) was 
applied to prevent photobleaching.  
 Microscopy and evaluation. Slides were immediately examined by 
epifluorescence microscopy using an Olympus BX51 microscope (Olympus, Center 
Valley, PA).  Cells were visualized using a DAPI filter (excitation wavelength 350), a 
Cy3 filter (excitation wavelength 554) and a 6-FAM filter (excitation wavelength 498) 
purchased from Olympus (Center Valley, PA). Images were recorded using an Olympus 
camera in combination with the PictureFrame software (Optronics, Goleta, CA). To 
Group Name Target Probe sequence %  Rf 
Archaea Arch915 Archaea GTG CTC CCC CGC CAA TTC CT 20 22 
 
Arch344 Archaea TCG CGC CTG CTG CIC CCC IT 20 16 
Bacteria Cren499 
Crenarchaeot
 CCA GRC TTG CCC CCC GCT 0 4 
 Eury498 
Euryarchaeot
 CTT GCC CRG CCC TT 0 4 
 Eub338x Most Bacteria GCT GCC TCC CGT AGG AGT 35 2 
 
Eub927 Bacteria ACC GST TGT GCG GGC CC 20 8 
Universal Univ1389 Universal ACG GGC GGT GCG TGC AAG 20 23 
Other Non338 Negative ACT CCT ACG GGA GGC AGC 35 17 
Aquificales
 
Aqui1197 Aquificales GCA TAA AGG GCA TAM TGA YC 20 20 
x
 Based on clone library sequences, this probe does not hybrdize to Aquificales present in    G 
  GBS/SSW 
* Probe was used with the unlabeled helper hAqui1045 (ACG GCC ATG CAC CAC CTG TG) 
% percent formamide 
I=A/C/T/G  S=G/C  M=A/C  Y=C/T 
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determine the percentage of organisms fluorescing for each of the domain and group 
specific probes used, means were calculated from 10 randomly chosen fields (7). The 
probe-positive coverage was calculated as the ratio of the number of probe-positive cells 
to the total number of DAPI-stained cells. CellStats software was used to aide in 
performing automated quantitative analysis of fluorescently labeled cells (11, 
http://www.cs.tut.fi/sgn/csb/cellstats/ 
 
Reverse Transcriptase Polymerase Chain Reaction 
RNA Extraction Method 1. The first method used to attempt to extract RNA 
usable for gene expression studies was developed from a protocol used to extract RNA 
from yeast cells harvested by filtration (5). 1.5 ml of PCIA (125:24:1 
phenol:chloroform:isoamyl alcohol) and 1.5 ml of buffer (10mM Tris-HCl (pH 7.5), 10 
mM EDTA, and 0.5% SDS) was warmed to 65°C. Both the PCIA and buffer were 
transferred to a 50 ml conical tube containing a 0.2 µm filter with cells harvested from 
GBS or SSW during the time of micro-respiration studies. The tube was then warmed in a 
65°C water bath for 1 hour and vortexed every 10 minutes for 20 seconds. After 1 hr, the 
sample was vortexed a final time and then centrifuged at 1000 g at room temperature for 
1 minute. The liquid phases were then consolidated and transferred to 2 microcentrifuge 
tube (2 ml) and centrifuged at 16,000 g at 4°C for 20 minutes. Following centrifugation, 
the aqueous phase was transferred to fresh microcentrifuge tubes.  The RNA was then 
reextraced by adding an equal volume of PCIA and centrifuging at 16,000 g at 4°C for 10 
minutes. The aqueous phase was again transferred to fresh tubes, and an equal volume of 
24:1 chloroform:isoamyl alcohol was added to the samples. The samples were 
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centrifuged at 16,000 g at room temperature for 10 min. The aqueous phase was 
transferred to new tubes and 0.1 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes 
of absolute ethanol (-20°C) were added to the samples. The RNA was precipitated 
overnight at -20°C.  
 After precipitation overnight, the RNA was collected by centrifuging the tubes at 
16,000 g at 4°C for 30 min. The supernatant was then discarded and the pellet was 
washed with 500 µl of 70% ethanol (-20°C). After the supernatant was removed, the 
pellet was left to air dry for 5 min then resuspended in 50 µl of DEPC treated water.  
RNA Extraction Method 2. Sediment was collected in 1.5 ml Eppendorf tubes 
and frozen immediately on dry ice and then stored at -80°C until further use.  For RNA 
isolation from the sediment, the FastRNA Pro Soil-Direct Kit (MP Biomedical, Solon, 
OH) was used according to manufacturer’s instructions. After the sediment was thawed, 
it was aseptically transferred to the lysing matrix contained in 2 ml impact-resistant tubes 
and homogenized in the FastPrep (MP Biomedical, Solon, OH) for 40 seconds. RNA is 
then extracted using phenol-chloroform (1:1) and the RNA is precipitated. Using the 
RNAMATRIX solutions provided the RNA was washed to remove contaminants. The 
RNA was then dissolved in DEPC-treated H2O. The RNA was used immediately for 
DNase treatment and cDNA preparation or was stored at -20°C. 
RNA Extraction Method 3. Attempts to extract RNA from sediment samples 
were also done using the E.Z.N.A. Soil RNA Kit (Omega Bio-Tek, Norcross, GA) 
according to manufacturer’s instructions. The soil samples were homogenized with 
detergent in glass beads to lyse the microbial cells. Then multiple phenol-extractions and 
precipitations were performed to remove contaminants, such as humic acids and proteins. 
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The remaining RNA was then bound to a spin column and washed twice to remove any 
remaining trace contaminants. Finally, the RNA was resuspended in DEPC-treated H2O 
and used immediately for DNase treatment and cDNA preparation or was stored at -20°C. 
DNase Treatment. Regardless of the extraction method used, all RNA samples 
were subjected to the same DNase treatment to remove genomic DNA contaminants 
carried over from the RNA extraction. RQ1 RNase-free DNase (Promega, Madison, WI) 
was used according to manufacturers instructions.  One U of DNase was added to a 10µl 
sample containing 8 µl of template RNA and 1 µl of buffer (10mM MgSO4). The samples 
were then incubated for 30 min at 37°C. Then 1 µl of RQ1 DNase stop solution was 
added and the samples were incubated for 10 min at 65°C to inactivate the DNase.  
cDNA Preparation. After the total RNA was treated for contaminating DNA, 
cDNA synthesis was performed using qScript cDNA Supermix (Quanta Biosciences, 
Gaithersburg, MD). 10 µl of RNA template was added to the Supermix (optimized 
concentrations of MgCl2, dNTPs, random primers, oligo (dt) primer and stabilizer, RNase 
inhibitor protein, and qScript reverse transcriptase). In order to verify that RNA 
extraction was successful, three primers (10 mM each) for the 16S rDNA gene, 8aF, 9bF 
and 1406uR were added to the cDNA synthesis reaction.  Nuclease free water was then 
added to a final volume of 20 µl. The samples were then vortexed and centrifuged briefly. 
The samples were then placed in the thermalcycler and synthesis was performed using 
the following program: 5 minutes at 25°C, 30 min at 42°C, 5 min at 85°C and a final hold 
at 4°C.  
PCR Amplification. To determine if the RNA extraction and subsequent cDNA 
synthesis was successful, the samples were used as template DNA for PCR amplification. 
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The additional primers used in cDNA synthesis (1406ur, 9bF, 8aF) were also used in this 
reaction to amplify the 16S rDNA gene. A reaction was setup with 3 total primers (10µM 
of each), 10µl of cDNA template, deoxyribonucleotide triphosphate (200µM each), 
MgCl2 (1.5mM), GoTaq DNA polymerase (1.5 U), and nuclease free water to a final 
volume of 50µl. DNA amplification was performed using an Eppendorf Mastercycler 
(Westbury, NY) using the following program: an initial 4 minute hot start at 95°C, 
followed by 35 cycles of denaturation (30 seconds at 95°C), annealing (45 seconds at 
55°C) and extension (2 minutes at 72°C), and finally a 7 minute extension at 72°C. Gel 
electrophoresis was used to determine if PCR amplification was successful. The samples 




1. Amann, R. I., L. Krumholz, and D. A. Stahl. 1990. Fluorescent-oligonucleotide 
probing of whole cells for determinative, phylogenetic, and environmental studies in 
microbiology. J. Bacteriol. 172:762-770. 
2. Amann, R. I., B. J. Binder, R. J. Olson, S. W. Chisholm, R. Devereux, and D. A. 
Stahl. 1990. Combination of 16S rRNA-targeted oligonucleotide probes with flow 
cytometry for analyzing mixed microbial populations. Appl. Environ. Microbiol. 
56:1919-1925. 
3. Burggraf, S., G. J. Olsen, K. O. Stetter, and C. R. Woese. 1992. A phylogenetic 
analysis of Aquifex pyrophilus. Syst. Appl. Microbiol. 15:352-356. 
4. Burggraf, S., T. Mayer, R. Amann, S. Schadhauser, C. R. Woese, and K. O. 
Stetter. 1994. Identifying members of the domain Archaea with rRNA-targeted 
oligonucleotide probes. Appl. Environ. Microbiol. 60:3112-3119. 
5. Burke, P. V., L. -C. Lai, and K. E. Kwast. 2004. A rapid filtration apparatus for 
harvesting cells under controlled conditions for use in genome-wide temporal profiling 
studies. Anal. Bioch 328:29-34. 
6. Eder, W., W. Ludwig, and R. Huber. 1999. Novel 16S rRNA gene sequences 
retrieved from highly saline brine sediments of Kebrit Deep, Red Sea. Arch. Microbiol. 
172:213-218. 
7. Garcia, A. T. and J. S. Olmos. 2007. Quantification by fluorescent in situ 
hybridization of bacteria associated with Litopenaeus vannamei larvae in Mexican shrimp 
hatchery. Aquaculture 262:211-218. 
 53
8. Giovannoni, S. J., E. F. DeLong, G. J. Olsen, and N. R. Pace. 1988. Phylogenetic 
group-specific oligodeoxynucleotide probes for identification of single microbial cells. J. 
Bacteriol. 170:720-726. 
9. Huber, R., P. Rossnagel, C. R. Woese, R. Rachel, T. A. Langworthy, and K. O. 
Stetter. 1996. Formation of ammonium from nitrate during chemolithoautotrophic 
growth of the extremely thermophilic bacterium Ammonifex degensii gen. nov. sp. nov. 
Syst. Appl. Microbiol. 19:40-49. 
10. Huber, R., W. Eder, S. Heldwein, G. Wanner, H. Huber, R. Rachel, and K. O. 
Stetter. 1998. Thermocrinis ruber gen. nov., sp. nov., a pink-filament-forming 
hyperthermophilic bacterium isolated from Yellowstone National Park. Appl. Environ. 
Microbiol. 64:3576-3583. 
11. Kent, A. D., D. J. Smith, B. J. Benson, and E. W. Triplett. 2003. Web-Based 
Phylogenetic Assignment Tool for Analysis of Terminal Restriction Fragment Length 
Polymorphism Profiles of Microbial Communities. Appl. Environ. Microbiol. 69:6768-
6776. 
12. Kühl, M. 2005. Optical microsensors for analysis of microbial communities, p. 166-
199. Methods Enzymol. 397:166-99 
13. Lane, D. J. 1991. 16S/23S rRNA sequencing. Nucleic Acid Tech. in Bact. Syst. 115. 
14. Maidak, B. L., J. R. Cole, T. G. Lilburn, C. T. Parker Jr., P. R. Saxman, J. M. 
Stredwick, G. M. Garrity, B. Li, G. J. Olsen, S. Pramanik, T. M. Schmidt, and J. M. 
Tiedje. 2000. The RDP (Ribosomal Database Project) continues. Nucleic Acids Res. 
28:173-174. 
15. Osborne, C. A., G. N. Rees, Y. Bernstein, and P. H. Janssen. 2006. New threshold 
and confidence estimates for terminal restriction fragment length polymorphism analysis 
of complex bacterial communities. Appl. Environ. Microbiol. 72:1270-1278. 
16. Raskin, L., J. M. Stromley, B. E. Rittmann, and D. A. Stahl. 1994. Group-specific 
16S rRNA hybridization probes to describe natural communities of methanogens. Appl. 
Environ. Microbiol. 60:1232-1240. 
17. Ravenschlag, K., K. Sahm, and R. Amann. 2001. Quantitative molecular analysis 
of the microbial community in marine arctic sediments (Svalbard). Appl. Environ. 
Microbiol. 67:387-395. 
18. Revsbech, N. P. 1989. Diffusion characteristics of microbial communities 
determined by use of oxygen microsensors. J. Microbiol. Methods 9:111-122. 
19. Revsbech, N. P., B. Madsen, and B. B. Jorgensen. 1986. Oxygen production and 
consumption in sediments determined at high spatial resolution by computer simulation 
of oxygen microelectrode data. Limnol. Oceanogr. 31:293-304. 
20. Rusch, A. and J. P. Amend. 2004. Order-specific 16S rRNA-targeted 
oligonucleotide probes for (hyper)thermophilic archaea and bacteria. Extremophiles 
8:357-366. 
21. Santegoeds, C. M., A. Schramm, and D. de Beer. 1998. Microsensors as a tool to 
determine chemical microgradients and bacterial activity in wastewater biofilms and 
flocs. Biodegradation 9:159-167. 
22. Stahl, D. A. and R. Amann. 1991. Development and application of nucleic acid 
probes in bacterial systematics, p. 205-248. In E. Stackebrandt and M. Goodfellow (ed.), 
Sequencing and hybridization techniques in bacterial systematics. John Wiley & Sons, 
Chichester, England. 
 54
23. Zheng, D., E. W. Alm, D. A. Stahl, and L. Raskin. 1996. Characterization of 
universal small-subunit rRNA hybridization probes for quantitative molecular microbial 











RESULTS & DISCUSSION 
Thermocrinis ruber Pure Culture Studies 
During experiments conducted with the O2 microsensor, several inferences were 
made: 1) It was inferred that the rate of O2 consumption observed in the samples before 
the addition of exogenous electron donors represented the intrinsic rate of aerobic 
respiration. 2) It was inferred that following the addition of excess electron donor, a 
stimulation of O2 consumption would be observed if the resident organisms were capable 
of consuming the electron donor and the genes for that metabolism were being 
transcribed and translated in situ.  3) It was inferred that because the experiments were 
performed within minutes of collection, there should be no time for enrichment or 
transcription and translation of genes that are not expressed in situ.  4) It was inferred that 
if a reaction is already occurring at Vmax in the sample, the addition of an excess of that 
electron donor will not increase the rate of O2 consumption. 
Pure cultures of T. ruber were grown with 3% H2 (vol/vol) and 0.1% S2O32- as 
potential electron donors or with 3% H2 (vol/vol) as the sole electron donor and 3% O2 as 
the terminal electron acceptor (24) to determine whether cultures grown under different 
conditions showed different rates of O2 consumption when amended with the two 
electron donors. The O2 concentrations were monitored using an O2 microsensor. The 
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samples were grown for 48 hours, which is near the end of exponential growth under 
these conditions. 
First, 10 µmoles H2 was added to the samples to determine what effect it would 
have on rates of O2 consumption. In the sample grown with H2 as the sole electron donor, 
an immediate decrease in the O2 concentration was observed upon the addition of H2. The 
O2 levels decreased to zero and remained steady indicating that all of the O2 had been 
used to perform H2 oxidation (Figure 3.1). However, when H2 was added to the T. ruber 
grown in medium containing two potential electron donors, H2 and S2O32-, the negative 
rate of O2 consumption indicated that the culture was not prepared to utilize H2 as an 
electron donor.  
 
 
Figure 3.1 Rates of O2 consumption upon the addition of H2 to cultures of T. ruber 
grown in the presence of H2 as the sole electron donor or with H2 and S2O32- as potential 
electron donors, as indicated on the graph. Rates of O2 consumption were calculated over 
minutes 1-10. The error bar indicates the standard deviation of triplicate experiments. 
 
 
As the experiment with the T. ruber grown with H2 and S2O32- continued to 
incubate, the O2 level began to decrease after approximately 20 minutes. The rate of O2 
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consumption was comparable to the rate observed in the first ten minutes of the 
experiment conducted with T. ruber grown only with H2 (Figure 3.2). This suggests that 
the T. ruber might not have been expressing the genes for H2 oxidation prior to the start 
of the experiment and may have began to transcribe and translate the genes necessary to 
metabolize H2 following the addition of excess H2 exogenously. The data also suggest 




Figure 3.2 Rates of O2 consumption upon the addition of H2 to cultures of T. ruber 
grown with H2 and S2O32- as potential electron donors, as indicated on the graph. Rates of 
O2 consumption were calculated over minutes 21-30. The error bar indicates the standard 
deviation of triplicate experiments. After 20 minutes, the T. ruber began consuming O2 at 
a rate consistent with the rate of O2 consumption seen immediately after the addition of 




 The same experiment was conducted to measure the rate of O2 consumption upon 
the addition of S2O32-. The culture grown with H2 as the sole electron donor immediately 
showed an increase in the rate of O2 consumption after the addition of S2O32-, indicating 
that even when T. ruber is grown in the absence of S2O32- it is still prepared to use S2O32- 
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as an electron donor (Figure 3.3). The same result was seen with the strain grown with 
both H2 and S2O32-.  
 
 
Figure 3.3 Rates of O2 consumption upon the addition of S2O32- to cultures of T. ruber 
grown in the presence of H2 as the sole electron donor or with H2 and S2O32- as potential 
electron donors, as indicated on the graph. The rates were calculated over minutes 1-10. 
The error bar indicates the standard deviation of triplicate experiments.  
 
 
This experiment raised many questions about the expression of genes used for H2 
and S2O32- metabolism in T. ruber.  The data indicate that the expression of genes for H2 
metabolism in this strain of T. ruber are not constitutively expressed and may not be 
expressed when an alternative electron donor is present.  This result is similar to what has 
been seen with other mesophilic, H2-oxidizing bacteria.  For example, Alcaligenes has 
been shown to de-repress the hydrogenase genes only under the electron donor-limited 
conditions (15). When no other electron donor is readily available, the hydrogenases 
genes are turned on regardless of whether or not H2 is present.  
However, the results suggest that the genes necessary for the S2O32- metabolism 
may be constitutively expressed, regardless of the presence of S2O32-. There is not any 
genetic or biochemical data regarding the oxidation of S2O32- in T. ruber and attempts to 
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amplify known sulfur-oxidation (SOX) genes based on sequence data from Aquifex SOX 
genes were unsuccessful. Understanding the mechanisms of S2O32- oxidation in 
thermophilic bacteria may help to understand the behavior of thermophiles in situ. 
 
Microrespiration Studies in GBS & SSW 
An O2 microsensor was used to measure the oxygen consumption in two Great 
Basin hot springs, GBS and SSW. These two sites were chosen because they have been 
the subjects of previous studies including extensive chemical measurements, 
thermodynamic calculations, and microbial community censuses using the 16S rRNA 
gene (10). Additionally, while these two springs have similar chemistries and are 
hypothesized to share the same subterranean reservoir, they differ significantly in 
residence time and redox state. In this study it was hypothesized that differences in redox 
state and residence time in and of itself lead to differences in the overall microbial 
composition, and different metabolisms by the resident microorganisms.   
 The electron donors tested were chosen based on their thermodynamic potential 
from calculations performed based on chemistry of Great Basin hot springs (10) and 
other geothermal environments (40, 43). Using microrespirometry, the effect that the 
addition of potential electron donors had on the rate of O2 consumption was monitored. 
From the resulting rates of O2 consumption, inferences can be made on whether or not the 
electron donors are important in the geothermal environment tested.  
Unamended Hot Spring Samples  
Prior to the addition of electron donors, GBS and SSW water and water/sediment 
slurries showed a low rate of O2 consumption (Figure 3.4). It is possible that the electron 
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donors being used in situ were all consumed during the time of transport resulting in an 
inaccurate rate of intrinsic O2 consumption.  
 
 
Figure 3.4 O2 consumption measured in Great Basin hot springs GBS and SSW. Samples 
either contained bulk spring water or a sediment/water slurry collected at the 
sediment/water interface. The samples show the intrinsic rate of O2 consumption prior to 
the addition of electron donors. Rates were calculated over a three-minute period.  The 
rate calculations were based on triplicate data and the error bars represent one standard 
deviation from the mean. 
 
 
 Figure 3.4 shows the rate of O2 consumption in pmol O2 min-1 ml-1 for 
comparison. For the GBS sediment samples, the rate of ~50 pmol O2 min-1 ml-1 is equal 
to approximately 2800 pmol O2 min-1 gram-1 and the rate for the SSW sediment is 
approximately 4500 pmol O2 min-1 gram-1. Comparing the intrinsic rate of O2 
consumption between the GBS and SSW water samples, the difference in the rate looks 
minimal when factoring in the error bars. The slightly higher rate observed with the GBS 
water may be attributable to the different cell densities of the two communities. The GBS 
bulk water has a higher cell density (106 cells/ml) than the SSW water (105 cells/ml). 
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To the author’s knowledge, experiments showing in situ rates of aerobic 
respiration have never been published, so it is not possible to conclude whether these 
rates represent typical rates of O2 respiration in hot springs and other geothermal 
environments. One of the limitations of the O2 microsensor work is that they do not 
reflect in situ rates, as the samples are disturbed and an excess of potential electron donor 
is added. However, if low rates of O2 consumption such as those seen in GBS and SSW 
are typical in geothermal environments, disturbing the samples may be the only way to 
successfully examine reactions potentially occurring in the community.   
GBS & SSW Bulk Water  
Previous analysis of the bulk water of GBS and SSW revealed that they share a 
similar microbial community dominated by bacteria from the phylum Aquificae and a 
single species of Archaea (13).The respirometery experiments reveal that these 
communities are prepared to take advantage of similar electron donors in situ (Figure 
3.5).  In the GBS water samples, the addition of S2O32-, the FLAP mixture and to a lesser 
extent YE/Peptone and NH3 stimulated a rate of O2 consumption appreciably higher than 
the rate that was observed in the unamended samples (< 20 pmol min-1 ml-1). 
 The SSW water samples showed an increase in the rate of O2 consumption upon 
the addition of the same four electron donors that stimulated O2 consumption in the GBS 
water (S2O32-, FLAP, YE/Peptone and NH3). While the same donors stimulated O2 
consumption, in the SSW water, YE/Peptone and NH3 stimulated the highest rates of O2 
consumption in SSW. However, the rate of O2 consumption observed with the addition of 
YE/Peptone is within one standard deviation of the rate observed upon the addition of 
S2O32- and FLAP. Furthermore, H2 stimulated O2 consumption in the SSW water, but the 
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rate of O2 consumption observed upon the addition of H2 is also within one standard 
deviation of the rate observed with the SSW unamended samples.  
Taken together, the data from the GBS and SSW water suggest that S2O32- may be 
used in situ because its introduction results in an increased rate of O2 consumption in 
both microbial communities. However, the data from the pure culture experiments 
suggest that T. ruber, which is the dominant bacterial organisms detected in the 16S 
rRNA clone libraries (13), may express S2O32- oxidation genes constitutively. S2O32- 
stimulated O2 consumption in pure cultures of T. ruber even when it was grown in the 
absence of S2O32- as an electron donor. This may indicate that while the enzymes are 
present and functional in situ, S2O32- is not being used in the environment samples until 
the S2O32- is added during the experiment.   
The use of reduced sulfur compounds electron donors under aerobic conditions is 
common among prokaryotes (14, 16, 18, 24). The origins of S2O32- in geothermal waters 
has been studied considerably to examine its potential role as a complexer of metals in 
the formation of ore deposits (20), as well as, to understand its role in microbiologically-
mediated sulfur cycling (26, 27). The exact role of S2O32- remains poorly understood 
because much about its origin, stability and activity in nature is still largely 
uncharacterized. A study on the origins of thiosulfate in YNP hot springs hypothesized 
that the oxidation of H2S and the hydrolysis of sulfur might play an important role in the 




Figure 3.5 A) Stimulation of O2 consumption in Great Boiling Spring water B) and 
Sandy’s Spring West water. FLAP = a mixture of formic, lactic, acetic and propionic 
acid. YE = yeast extract. 2 ml of hot spring water was amended to a final concentration of 
1 mM of liquid electron donors and 10 µM gas electron donors. For each electron donor 
tested, the experimental results are depicted on the left and the filter-sterilized controls 
are on the right. The rates were calculated from the results of three triplicate experiments. 




In addition to S2O32-, the results from the FLAP (formate, lactate, acetate, 
propionate) mixture indicate that simple organic compounds may be used as a source of 
electrons for the microbial community GBS and SSW. The concentration of organic acids 
in geothermal waters has been examined in diverse geological settings and it has been 
found to be universally high (500 ppm) (28), especially when compared to concentrations 
typical of unpolluted fresh water (1 ppm) (46). The exact source of carboxcylic acids in 
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geothermal environments is not known, but it could potentially derive from hydrous 
pyrolysis, which occurs when organic compounds are heated in the presence of water and 
are subsequently decomposed (41). Organic acids can also be from a biotic source in the 
hot spring. If organic matter did enter the hot spring from the reservoir, it could be 
anaerobically degraded to short chain fatty acids, such as acetate, and then could be 
metabolized by thermophiles residing in the hot spring rather than diffusing to cooler 
environments. These sources could explain why the addition of organic acids stimulates 
O2 consumption. If these organics are common in the spring, as they are in other hot 
springs studied, then the organisms in the hot springs may be utilizing organic acids for 
metabolism and also as a source of organic carbon.  In fact, a recent study by Windman et 
al. (50) showed that based on thermodynamic modeling, formate oxidation consistently 
yielded a higher amount of energy than H2 oxidation. Since experimental evidence has 
indicated the carbon from formate is incorporated into biomolecules when T. ruber is 
grown with formate (25), it has been shown that T. ruber grown on formate can utilize 
formate and the byproducts of its oxidation for building biomolecules (25). So it has been 
proposed that a single reaction, the oxidation of formate, provides a simultaneous carbon 
and energy source for T. ruber (50).  
 The stimulation of O2 consumption with the addition of FLAP to samples of GBS 
water corresponds with the inferred metabolic capabilities of T. ruber and Pyrobaculum 
spp., the dominant organisms in the GBS water (13). The addition of FLAP also yielded a 
slightly increased rate of O2 consumption in the SSW water where T. ruber is the 
dominant bacterial organism (13). T. ruber can utilize formate as an electron donor, and 
species of Pyrobaculum are capable of utilizing acetate and propionate as electron donors 
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(24, 39, 48). Interestingly, isolates of both organisms have been shown to grow on H2 
(23, 24). However, it does not appear that any of the organisms in the GBS water were 
prepared to utilize H2 in situ during the time tested. On the other hand H2 stimulated a 
slightly increased rate of O2 consumption in the SSW water, which has a lower overall O2 
concentration (10). These data suggest that the overall O2 concentration may play a role 
in the ability of an organism to utilize H2, which has been previously reported with pure 
cultures of a strain of Aquificales isolated from a subsurface hot aquifer in a Japanese 
gold mine (45).   
The addition of YE/peptone stimulated O2 consumption in the GBS water and the 
second fastest rate of O2 consumption in the SSW water. The YE/peptone consists of 
complex organic matter, such as amino acids, which are expected to be present in both 
springs from the decomposition of microorganisms and the influx of organic matter into 
the hot springs from the external environment, such as plants and insects. The use of 
YE/Peptone as an electron donor in the GBS water could be attributed to the Thermus 
spp. residing in the SSW water. Some species of Thermus can utilize YE/peptone as both 
an electron donor and a carbon source (6, 9, 37).  
Surprisingly, the addition of NH3 stimulated the highest rate of O2 consumption in 
the SSW water. Even though the dominant archaeon found in the SSW bulk water was an 
organism closely related to the newly cultivated organism “Candidatus Nitrosocaldus 
yellowstonii” 213 (13), an aerobic ammonia oxidizer growing at temperatures up to 74°C 
(11), ammonia oxidation has never been show to occur at this high a temperature. 
However, a molecular survey of archaeal ammonia monooxygenase (AMO) genes 
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detected their presence at temperatures up to 97°C (38). Moreover, ammonia oxidation is 
not as favorable thermodynamically as their potential electron donors (10).    
The concentration of NH3 in the Great Basin springs has been measured in the 
µM range, and previous work has shown that NH3 or NH4+ are the most frequently found 
nitrogenous compounds in the biosphere (3). The source of NH3 used to sustain the 
growth of NH3-oxidizing archaea and bacteria may be from organic nitrogen or from an 
abiotic NH3 supply, because NH3 can be produced abiotically from the mineral-catalyzed 
or iron oxide catalyzed reduction of N2 (5). In addition NH3 can be generated in 
geothermal environments from hydrothermal waters leaching through organic-laden 
sedimentary rock (22).  Overall, the O2 consumption stimulated by NH3 supports the 
developing theory that NH3 oxidation evolved at high temperatures (38). To determine 
whether NH3 oxidation evolved in geothermal environments or whether the ability was 
acquired from other nonthermophilic microorganisms, studies have since been conducted 
to determine whether NH3 oxidation was ongoing in situ in geothermal environments 
(38). These studies have demonstrated that nitrification is ongoing at a considerable rate 
in geothermal environments and that nitrogen cycling may be as crucial in extreme 
environments as it is nonextreme environments (38). 
Taken as a whole, the rates of O2 consumption were higher in the samples from 
GBS water than the samples from the SSW water. This difference in rate could be due to 
the higher cell density in GBS water. If multiple organisms are utilizing the same electron 
donor in situ, then the springs with higher cell densities should correspond with faster 
rates of O2 consumption. It is additionally possible that the reactions stimulated in GBS 
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are just occurring at a higher velocity than those in SSW, which may also be responsible 
for generating the faster rate of O2 consumption in GBS. 
GBS & SSW Sediment 
 To determine what metabolisms may be ongoing in the surface sediment of GBS 
and SSW, the same experiments were conducted utilizing sediment slurries (Figure 3.6). 
Since the slurries contained both water and sediment, the microorganisms in the water 
portion of the slurry may be responsible for some or all of the O2 consumption observed.  
For example, consider the rate of O2 consumption in the GBS water and sediment upon 
the addition of S2O32- and FLAP. In the GBS water, these two electron donors stimulated 
the fastest rate of O2 consumption. S2O32- and FLAP also stimulated fast rates of O2 
consumption when they were added to GBS sediment slurries. The rates of O2 
consumption seen in the GBS sediment slurries can be attributed to the organisms located 
within the water portion of the sediment slurry. For example, the S2O32- stimulated a rate 
of O2 consumption of ~750 pmol O2 min-1 ml-1 when added to the GBS sediment slurry, 
compared to ~900 pmol O2 min-1 ml-1 when added to the GBS water alone. In 
comparison, the rate of O2 consumption for YE/peptone in the sediment slurries is over 
1,000 pmols O2 min-1 ml-1 compared to the ~400 pmol O2 min-1 ml-1 observed in the GBS 
water samples. So the stimulation of O2 consumption in GBS sediment slurries that can 
be attributed to the sediment portion was stimulated by the addition of YE/peptone. Since 
the amount of sediment and consequently the amount of water varied between sediment 
slurry experiments, it is impossible to calculate the exact contribution of organisms 
residing in the water versus organisms residing in the sediment. However, it is important 
to consider the input of both when examining the rates of O2 consumption observed 
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during sediment slurry experiments. Overall, it appears that the GBS sediment 
microorganisms showed an increased rate of O2 consumption upon the addition of 
YE/peptone, NH3 and H2. In contrast, in experiments conducted with the SSW sediment 
the addition of S2O32-, FLAP and CH4 resulted in an increase in the rate of O2 
consumption. 
As three residents of the GBS sediment, belonging to the genera Thermus and 
Thermomicrobium, are predicted to have organotrophic metabolisms, those organisms 
could be responsible for the stimulation of O2 consumption following the addition of 
YE/Peptone.  The GBS sediment archaeal community also appears to be dominated by 
members of the “Candidatus Nitrosocaldus yellowstonii”, based on 16S rRNA clone 
libraries (10), which is consistent with the stimulation of O2 consumption upon the 
addition of NH3.  The rates of O2 consumption in the samples amended with NH3 show a 
high standard deviation. It appears that in sediment samples there may be problems with 
diffusion of the electron donor through the samples. In samples with a large amount of 
sediment, the rates of O2 consumption are lower, so it is ideal to perform these 
experiments with similar, small amounts of sediment.  
The addition of H2 stimulated the consumption of O2 in the GBS sediment.  This 
effect was not seen in the water column indicating that H2 oxidation was restricted to the 
GBS sediment and not occurring in the GBS water. The concentration of dissolved O2 
would be expected to decrease with depth in the sediment, corresponding with the 





Figure 3.6 A) Stimulation of O2 consumption in Great Boiling Spring sediment B) and 
Sandy’s Spring West sediment. FLAP = a mixture of formic, lactic, acetic and propionic 
acid. YE = yeast extract. 2 ml of hot spring water was amended with 1 mM of liquid 
electron donors and 10 µM gas electron donors. The experimental results are depicted on 
the left of each set of bars and the autoclaved controls are on the right. 
   
 
  
 Of particular interest in the SSW sediment is the stimulation of O2 consumption 
upon the addition of CH4 as an electron donor.  Methane oxidation is an extremely 
thermodynamically favorable reaction in GBS and SSW, but CH4 oxidation has never 
been shown to occur at 80°C. Attempts to cultivate thermophilic methanotrophs in the 
last decade have been successful (47), however the known upper temperature limit of 
cultivated methanotrophs is only 72°C.  The organism with the highest recorded growth 
temperature for a methanotroph is a γ-Proteobacterium isolated from underground hot 
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springs (4). The data indicate that a methanotrophy may be occurring in the SSW 
sediment. This may become the focus of future cultivation efforts since cultivation of the 
organism or organisms responsible may provide more definitive evidence of 
methanotrophy occurring at temperatures as high as 80°C. 
“H2 Hypothesis”  
Based on the data collected in these microrespirometry studies, it is inferred that 
H2 is not the most important electron donor in the Great Basin hot springs as the addition 
of exogenous H2 did not stimulate significant O2 consumption in all of the environments 
studied. Considering the diversity of microorganisms and electron donors available, it is 
logical that no single electron donor plays a dominant role in the energy budget of 
geothermal ecosystems. Given the diversity of microorganisms present, there are likely a 
variety of ongoing metabolic reactions and our experiments have just begun to scratch the 
surface of potential electron donors and acceptors.  
 While these data indicate that the role of H2 in the energy budget may have been 
overstated, this is not necessarily true throughout the spring system or in the spring under 
different conditions, such as changes in temperature. It should be kept in mind that at 
greater depths in the water column where O2 concentrations are predicted to be lower and 
the concentrations of H2 and other reductants are predicted to be higher, our experiments 
might yield completely different results. A study of the metabolic properties of isolates 
belonging to the genus Sulfurihydrogenibium within the order Aquificales (44) showed 
that strains capable of using H2 as an electron donor under microaerophilic conditions 
(1% or 5% O2) was not able to utilize H2 under completely aerobic (20% O2) conditions 
(45). The strain was however capable of utilizing S2O32- at all of the O2 concentrations 
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tested (45). If this is a common metabolic property among the Aquificales and other 
thermophiles, it may partially explain why H2 oxidation in the water was not observed.  
Similary, a study conducted on isolates representative of the major 16S rRNA phylotypes 
from microbial mats in Dragon Spring at YNP examined the ability of the isolates to 
utilize H2 and H2S as electron donors. The Hydrogenobaculum-like isolates shared 
identical 16S rRNA gene sequences but differed in their metabolic capabilities. Some 
phylotypes contained isolates capable of utilizing H2 and H2S as an electron donor while 
other isolates could only utilize H2 or only utilize H2S (12). This finding indicates that 
utilizing 16S rRNA gene phylogenetic relationships to infer physiological characteristics 
may be completely erroneous, even between organisms that are phylogenetically identical 
based on 16S rRNA gene.     
Furthermore, mesophilic bacteria capable of utilizing H2 as a growth substrate 
have been shown to only express the genes required for this metabolism under electron 
donor limited conditions, regardless of the presence of H2 (15). If thermophilic H2-
oxidizing bacteria or archaea share this trait, the abundance of other electron donors may 
prevent the genes necessary for H2 oxidation from being expressed. 
Additionally, since these experiments focused on O2 as an electron acceptor, it is 
unknown what role H2 may play in the energy budget of microorganisms residing in 
anoxic portions of the water and sediment. A large portion of the H2 entering the hot 
springs may be used for anaerobic metabolisms. Many sulfate-reducing bacteria reside in 
the anaerobic portions of a variety of environments and are commonly found in hot 
springs (21, 35, 42).  These bacteria use sulfate as a terminal electron acceptor and a 
diversity of electron donors, including H2. H2 is likely to be present in higher 
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concentrations in the anaerobic pore water of the sediment and is also generated by 
fermentation. In the anaerobic pore water, H2 may be present in concentrations high 
enough for use by hydrogenases and may be the dominant electron donor in the anoxic 
portions of the spring.   
 
Enrichments 
 Microbial enrichments were performed in October 2008 to complement the 
micro-respirometery experiments. Using enrichments, it was possible to examine the 
efficacy of different electron donors to support growth. The microrespirometry 
experiments were performed over a twenty minute window, to test for metabolisms 
presumed to be active in situ. The longer term of the enrichments provide a better 
understanding of which electron donors are capable of supporting growth, even though 
they might not be used in the springs during the time the microrespirometry experiments 
were conducted.   
Data from the enrichments indicate that all of the electron donors used, with the 
exception of H2 in the GBS water and CH4 in the SSW water, were capable of being used 
by some of the organisms in the environment as electron donors for growth (Table 3.1). 
The inability of H2 to sustain growth of organisms in the GBS bulk water of was 
particular interest. Both of the dominant organisms in that environment, T. ruber and 
Pyrobaculum, were predicted to have the ability to oxidize H2 as an electron donor.  
Since the enrichment cultures were kept fully aerobic, this provides further evidence that 
perhaps the use of H2 as an electron donor is not possible in fully aerobic conditions, as 
was discussed earlier (45). 
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Table 3.1 Effect of potential electron donors on the growth of organisms in enrichment 
experiments performed using GBS and SSW water and sediment.  
 GBS Water  GBS Sediment 
E- Donor Cell Density Cell Type Cell Density Cell Type 
S2O32- ++ SR ++ SR 
FLAP ++ SR ++ SR 
YE/Peptone ++++ SR, LR ++++ SR, LR 
NH3 ++ SR ++ SR 
H2 + SR ++ SR 
CH4 +++ SR, LR ++ SR, C 
 SSW Water  SSW Sediment 
E- Donor Cell Density Cell Type Cell Density Cell Type 
S2O32- ++ SR ++ SR 
FLAP ++ SR ++ SR 
YE/Peptone ++++ SR, LR ++++ SR, LR 
NH3 ++ SR ++ SR 
H2 ++ SR ++ SR 
CH4 + SR ++ SR 
+ < 1 x 106      SR = short rods 
++ 1-9 x 106     LR = long rods 
+++ 1-9 x 107     C = cocci 
++++ 1-9 x 108 
 
 The YE/peptone mixture yielded the most growth in the enrichment experiments.  
Since the YE/Peptone mixture is complex and its exact components are unknown, it is 
possible that in addition to serving as an electron donor, it is serving as a source of 
organic carbon or enzymatic cofactors that are limited in the hot spring environment. The 
YE/Peptone enrichment contained extremely long, rod-shaped cells that were not 
observed in significant numbers in any of the other enrichments. 
 Enrichments were set up in March 2009 to further evaluate the potential electron 
donors tested. The enrichments were also performed using the components of the FLAP 
mixture individually and H2S.  H2S was not used during the micro-respiration 
experiments due to the potential harm it might cause to the O2 microsensor. The effect of 
these donors is listed in Table 3.2. 
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Table 3.2 Effect of potential electron donors on the growth of organisms in enrichment 
experiments performed using GBS and SSW water and sediment. 
Electron Donor GBS Water 
GBS 
Water/Sediment SSW Water 
SSW 
Water/Sediment 
FLAP Mixture 5.55 x 106 9.4 x 106 3.9 x 106 1.2 x 107 
Formate 2.75 x 106 1.7 x 106 8 x 105 2.05 x 106 
Lactate 1.35 x 106 1.65 x 106 1.1 x 106 4.5 x 105 
Acetate 6.75 x 106 6.15 x 106 2.2 x 106 7.45 x 106 
Propionate 1.15 x 106 1.7 x 106 7 x 105 1.15 x 106 
H2S 1.6 x 106 2.65 x 106 8.5 x 105 3.05 x 106 
S2O32- 1.95 x 106 5.3 x 106 1.55 x 106 6.35 x 106 




To evaluate the four potential electron donors used in the FLAP mixture, each 
donor was tested separately during the enrichments. Based on the enrichment results it 
appears that acetate is the electron donor that serves as the best electron donor for the 
microbial community residing in GBS and the sediment of SSW. It has been proposed 
that formate is an important electron donor in geothermal environments as it is the 
simplest carboxcylic acid and formate oxidation is more thermodynamically favorable 
than H2 oxidation in some YNP hot springs (50). However, acetate is a water-soluble 
intermediate in the fermentation of organic matter and is produced during acetogenesis 
(acetyl-CoA pathway), so it should also be present from biological processes ongoing in 
geothermal environments.  A study of the volatile fatty acids formate, acetate and 
propionate in ten hot springs on Vulcano Island in Italy revealed that, overall, acetate was 
the dominant fatty acid found in the springs (2). If this is universal in other hot spring 
environments, it may be a common substrate for aerobic growth.   
 The viability of H2S as an electron donor was tested because previous studies in 
hot springs have focused on H2S as a likely inorganic sulfur compound used to support 
microbial growth (12).  Also, the mechanism of sulfur oxidation in thermophiles is not 
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well studied, but in well-characterized mesophilic bacteria the enzymes in the oxidation 
of S2O32-  have a higher affinity for H2S (17). In three of the four environments tested, 
S2O32- appears to be capable of supporting growth better than H2S.  
 
Assessing the Microbial Community in GBS & SSW 
GBS & SSW Water 
 To determine whether the microbial community of GBS and SSW have 
undergone significant changes since the 16S rRNA clone libraries were constructed (10, 
13), T-RFLP and FISH were performed on samples collected during the time when 
microrespirometry experiments were conducted. T-RFLP was chosen as a means to 
evaluate the microbial community because the performance of T-RFLP analysis is fast 
and cost effective. Clone library analysis had been performed during previous 
experiments (10), so it was anticipated that it would be possible to predict the fragment 
sizes that would be seen in the resulting T-RFLP electropherograms.  
Previous analysis of clone libraries of GBS revealed that the bulk water was 
dominated by two phylotypes that belong to the genus Thermocrinis based on 16S rRNA 
gene sequence data. Following digestion of the terminally labeled amplicons of the 16S 
rRNA gene with the restriction enzyme HaeIII, the Thermocrinis clones were predicted 
to have fragments of sizes of 60 and 205. The two dominant fragment sizes seen in the T-
RFLP analysis of GBS were 55 and 201 (Table 3.3). 
While 55 and 201 bp are beyond the +/-3 nucleotides expected from typical 
experimental error in T-RFLP runs, errors of up to 7 bp error have been observed on 
occasion (33).  One reason for these errors is that experimental evidence (36) has shown 
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that 6-FAM migrates slower than the dye used as a typical size standard, ROX (the sizing 
standard used in these experiments). Therefore, the size of fragments labeled with 6-FAM 
are often underestimated when run with ROX-labeled size standards (36).  Therefore, we 
 
Table 3.3 T-RFLP results from the extraction of DNA from GBS water that was 
amplified with a 6-FAM labeled 519uF primer and then digested with the restriction 
enzymes HaeIII (bacteria) and HhaI (archaea). 
Fragment Size % Area Inferred Clone % Original Library 
Bacteria    
21 4.4   
27 15.5   
55 61.7 GBS_L1_C01 85% 
65 1   
85 1.1   
189 1.1   
201 11.6 SSE_L1_G06 11% 
368 1   
Archaea    
25 1.3   
30 22.7   
48 1.3   
64 1.4   
66 1.4   
71 1.4   
75 1.2   
86 4   
119 1.6   
130 1.4 Uncultured Pyrobaculum sp. 98% 
465 15.5   
 
 
theorize that the fragments do correspond to Thermocrinis. To verify this, T-RFLP 
utilizing the 1406uR labeled primer was examined and the resulting fragments showed a 
significant area for the fragment size 174 bps, an exact match to the 174 predicted from 
clone library data (data not shown).  
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 The archaeal T-RFLP results from the GBS bulk water do not reflect what was 
predicted. The dominant phylotype in the 16S rRNA gene clone libraries was an 
organism belonging to the genus Pyrobaculum and was predicted to have a T-RFLP 
fragment length of 133 bp.  However, a peak was observed at 130 bp but it only 
accounted for 1.4% of the total area. The only significant peaks were at 30 bp and 465 bp. 
None of the archaea in this study were predicted to have a fragment length of 30 bp or 
465 bp. It is possible that the peak at 465 bp may be the result of the PCR product not 
being successfully digested or amplicons lacking the appropriate cut site for the 
restriction enzyme. In total, the PCR reaction and subsequent digestion were performed 6 
times and sent for T-RFLP analysis, and the same results were consistently observed. If 
Pyrobaculum is still the dominant archaeal organism in the GBS water, perhaps it was 
not successfully amplified with the 519uF primer. Additionally, some members of the 
genus Pyrobaculum contain introns in the 16S and 23S rRNA genes (7, 30). These 
insertions lead to the instability of the genes and may explain why even if the community 
remained unchanged, the T-RFLP may not yield the results that were predicted.  
After examining the GBS water using T-RFLP, FISH was performed to visualize 
the microbial community and characterize the community composition (See Figure 3.8). 
The results from the water indicate that 80% of the cells are bacterial cells. Attempts 
were made to characterize the bacterial community using the Aquificales specific probe, 
Aqui1197, and a helper probe, hAqui1045. This probe combination successfully 
hybridized to pure culture samples of T. ruber (Figure 3.7), but the probe was not 
successful with environmental samples even though it was predicted to work on the 
strains of Thermocrinis residing in the GBS water. By using two separate bacterial 
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probes, Eub338 and Eub927, it was possible to further characterize the bacterial 
community. It was predicted that the community would be made up predominantly of 
Aquificales. Therefore, the Eub338 probe, which does not hybridize with organisms 
belonging to the order Aquificales found in GBS and compared those hybridization rate 
against the hybridization of Eub927, which hybridizes with all of the Aquificales based 
on 16S rRNA gene sequence data collected (10, 13). 
 
 
Figure 3.7 Epifluorescence microscopic images of a pure culture of T. ruber. In pure 
culture studies, Aqui1197 and hAqui1045 successfully hybridized to T. ruber (left) at a 
coverage rate of 99% when compared to cells stained with DAPI (right). 
 
 
Examination of the epifluorescence microscopic images shows results consistent 
with T-RFLP. In the GBS water less than 1% of the bacterial cells fluoresce with the 
Eub338 probe, indicating that a majority of the bacterial cells are members of the 





Figure 3.8 Epifluorescence microscopic images of GBS hot spring bulk water. Top row 
(L to R): Phase contrast (20X), Hybridized with Arch 915/334, Hybridized with Eub927, 
Mixed image of Arc915/344 and Eub927. Based on the comparison of cells fluoresced 
upon hybridization with carboxyfluorescein (6-FAM) labeled Eub927 and the Cy3-
labelled archaea probes, Arc915 and Arc344, 80% of the cells hybridized with the 
bacterial specific probe. Using these three probes, the total coverage when compared to 
epifluorescent  images from DAPI staining was 80%. Bottom row (L to R): Phase 
contrast (20X), Hybridized with Eub338, Hybridized with Eub927, Mixed image of 
Eub338 and Eub927. The Eub927 probe was used in combination with the Cy3-labeled 
probe, Eub338, which does not hybridize with Aquificales. In comparison to Eub338, 
nearly all of the bacterial cells (97%) appear to belong to the order Aquificales.   
 
 
Additionally, probes that target Crenarchaeota and Euryarchaeota were used to evaluate 
the make-up of the archaeal community in the GBS bulk water (Figure 3.9). The probes 
Cren499 and Arc344 were used to estimate the amount of Crenarchaeota. In comparison 
to the cells that fluoresced with Arc344, more cells fluoresced (>100%) with the 
Crenarchaeota-specific probe. This corresponds to the prediction that the GBS bulk  
water is dominated by an archaeon belonging to the genus Pyrobaculum. In contrast, 
epifluorescent images of cells hybridized with Eury498 and Arc344 showed that less than 
1% of the cells belonged to the phylum Euryarchaeota. In addition, 16S rRNA sequence 
data did not show any organisms belonging to Euryarchaeota in the water or sediment  




Figure 3.9 Epifluorescence microscopic images of GBS hot spring bulk water. Top row 
(L to R): Phase contrast (40X), Hybridized with Cren499, Hybridized with Arc 344, 
DAPI stained environmental sample. Based on the comparison of cells fluoresced upon 
hybridization with 6-FAM labeled Arc344 and the Cy3-labelled archaea probes, Cren499, 
a majority (95%) of the Archaea belong to the phylum Crenarchaeota. Bottom row (L to 
R): Phase contrast (40X), Hybridized with Eury498, Hybridized with Arc 344, DAPI 
stained environmental sample.  The Arc344 probe was used in combination with the Cy3-
labeled probe, Eury498, and indicated that none of the archaea present belong to the 
phylum Euryarchaeota. This corresponds to previous clone library data, which showed 




water based on 16S rRNA clone library data, but 5% of the clones from the SSW 
sediment were members of the Euryarchaeota (10, 13). The absence of archaea 
belonging to the phylum Euryarchaeota is similar to findings from 16S rRNA clone 
libraries conducted on other hot springs. Several cultivation independent surveys of 
archaeal communities in hot springs in YNP revealed no Euryarchaeota in contrast to a 
diversity of Crenarchaeota (34, 43). 
SSW Water 
The SSW water also contained the two T. ruber-like clones GBS_L1_C01 and 
SSE_L1_G06, in addition to an organism belonging to the genus Thermus (Figure 3.4). 
Based on T-RFLP analysis, the dominant bacteria in the water did not change since the 
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16S rRNA gene sequencing was performed, because the same three major phylotypes 
were detected in the T-RFLP (Table 3.2). 
 
Table 3.4 T-RFLP results from the extraction of DNA from SSW water that was 
amplified with a 6-FAM labeled 519uR primer and then digested with the restriction 
enzymes HaeIII (bacteria) and HhaI (archaea). 
Fragment Size % Area Inferred Clone % Original Library 
Bacteria    
26 19 Uncultured Thermus sp. 14 
55 22 GBS_L1_C01 29 
65 1   
86 6   
89 2   
94 1   
114 2   
116 2   
130 3   
175 1   
177 8   
201 12 SSE_L1_G06 26 
202 1 SSE_L1_G06 26 
Archaea    
25 32   
30 42.3   
38 2.4   
50 1.5   
66 4   
75 1.3   
86 1.3   
465 2.1   
489 6.9   
492 1.6   
 
 
A similar result was shown with the T-RFLP results from the SSW archaeal 
amplification as was observed with T-RFLP conducted on the GBS water DNA. The 
dominant organisms in the archaea 16S rRNA clone library was an organism closely 
related to “Candidatus Nitrosocaldus yellowstonii”, which was predicted to have a 
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fragment length of 132 bp (10). A fragment of this size was not observed in the T-RFLP 
results. In fact, none of the significant peaks in the T-RFLP could be correlated to the 
data from the 16S rRNA clone libraries. This suggests that “Candidatus Nitrosocaldus 
yellowstonii” was no longer the dominant organism in the archaeal community of the 
SSW water at the time when microrespirometry experiments were conducted.   
 
Figure 3.10 Epifluorescence microscopic images of SSW hot spring bulk water. Top row 
(L to R): Phase contrast (40X), Hybridized with Arch 915/334, Hybridized with Eub927, 
Mixed image of Arc915/344 and Eub927.  Based on the comparison of cells that 
fluoresced upon hybridization with G-FAM labeled Eub927 and the Cy3-labelled archaea 
probes, Arc915 and Arc344, 66% of the cells hybridized with the bacterial specific probe. 
Using these three probes, the total coverage when compared to epifluorescent images 
from DAPI staining was 88%. Bottom row (L to R): Phase contrast (20X), Hybridized 
with Eub338, Hybridized with Eub927, Mixed image of Eub338 and Eub927. The 
Eub927 probe was used in combination with the Cy3-labeled probe, Eub338, which does 
not hybridize with Aquificales. Based on hybridization results, 73% of the bacterial cells 




FISH was also performed on samples collected from the SSW bulk water (Figure 
3.10). The Eub927 and Arc344/915 had a coverage percentage of 80% based on 
comparison of hybridized cells to the cells stained with DAPI. Of those cells, 66% 
hybridized with the bacterial probe. By comparing cell hybridized with Eub338 versus 
cells that hybridized with Eub927, it appears that 73% of the bacteria are members of the 
Aquificales. The bacteria that hybridized with both Eub338 and Eub927 were typically 
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long rods. These are hypothesized to be the Thermus that sequence data and the T-RFLP 
analysis indicate are located in the SSW bulk water. 
 One observation in the SSW water was the presence of an extremely thick, rod-
shaped cell that consistently fluoresced with both archaea- and bacteria-specific probes 
(Figure 3.11). It is not uncommon for archaea-specific probes to hybridize to bacteria, 
especially strains belonging to the more deeply branching bacterial phyla, such as 
Aquificae (8).  
 
 
Figure 3.11 A common morphology seen in the epifluorescence microscopic images 
from the SSW water. This cell type fluoresced with both bacteria- and archaea-specific 
probes. On the left is the cell hybridized with Eub927 and on the right is the cell 




  FISH staining in SSW was difficult in comparison to work with GBS samples, 
due to a much lower cell density and a higher concentration of minerals and particulate 
matter in the SSW samples. In an attempt to improve the results, FISH was performed on 
cells that were concentrated onto a 0.2 µm filter (19). However, this did not lead to 
improved results (data not shown). 
Due to this low cell density, attempts to further characterize the archaeal 
community in the SSW bulk water were unsuccessful. It was hypothesized that the 
archaeal community, consisting of a dominance of “Candidatus Nitrosocaldus 
yellowstonii”, is associated with particulate matter that is seen throughout the water 
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samples. Since “Candidatus Nitrosocaldus yellowstonii” was originally isolated from 
sediment slurries (11) and is also found in the GBS sediment (10), it is possible that the 
organisms tend to grow on or near sediment. Examination of unstained cells also showed 
that a majority of the cells in the SSW water were observed in associated with the 
particulate matter, but it was difficult to determine if they were directly attached. As is 
demonstrated in Figure 3.12, a majority of the Arc 334/915 hybridized cells are found in 
association with the sediment. It is difficult to distinguish what percentage of the 




Figure 3.12 Epifluorescent microscopic mixed image of SSW water hybridized with the 
Eub927 tagged with 6-FAM and Arc 915 and Arc 334 probes tagged with Cy-3. It is 
difficult to determine if the fluorescence is due to autofluorescence from the sediment 




The community makeup of the GBS sediment is far more diverse than that 




Table 3.5 T-RFLP results from the extraction of DNA from GBS sediment that was 
amplified with a 6-FAM labeled 519uR primer and then digested with the restriction 
enzymes HaeIII (bacteria) and HhaI (archaea). 
Fragment Size % Area Inferred Clone % Original Library 
Bacteria    
25 27.8 GBS_L1_A03 38.2 
30 1.7 GBS_L1_G04, GBS_L1_F03 7.4 
55 2.9 GBS_L1_C01 4.4 
65 1   
67 1.9   
85 2.3   
91 2.5   
119 1   
177 16.4 G04b_L1_B06 2.9 
178 7.7 GBS_L1_D03 8.8 
179 3.1 GBS_L1_F04 5.9 
192 2.5   
196 4.8   
200 1.8   
201 4.5   
203 1.6 SSE_L1_G06  
Archaea    
25 5.8   
28 1.7   
32 1.1   
36 4.4   
54 2.6   
85 3.7   
101 1   
106 6.9   
120 1   
126 1   
128 6.6   
130 31.2 GBS_L2_C12, GBS_L2_A09, GBS_L3_B06 39.6 
132 10 SSE_L4_B03 58.5 
167 1   
169 3   
170 4.4   
196 2.2   
 
 
bacterial phylotypes representing at least 7 different phylum and 5 different archaeal 
phylotypes belonging to the phylum Crenarchaeota (10). T-RFLP analysis of the bacteria 
residing in the GBS sediment detected 8 of the 14 phylotypes seen in the 2007 clone 
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library (Table 3.5). The most dominant phylotype in the clone library was GBS_L1_A03, 
a Chloroflexi predicted to have a digested fragment length of 30 bp.  The most dominant 
fragment length was represented by a peak at 25 bp. Assuming the +/-error is similar to 
that seen with Thermocrinis in the GBS water, it is inferred that GBS_L1_A03 is still the 
dominant member of the GBS sediment community.  
The T-RFLP results from the archaeal community residing in the GBS sediment 
revealed a greater diversity than previous clone library data sequences have indicated. 
However, four of the five original phylotypes were detected and accounted for the most 
dominant peak areas.  
There does not appear to be any large shifts in the overall composition of the 
community.  The detection of a greater diversity of bacteria than was seen in the original 
library could be due to the use of a different the 519uR primer rather than the primers 
(1406uR and 1512uR) used in the clone library construction (10). Based on the sequences 
acquired from the clone library sequencing, the 519uF primer was designed with the 
necessary degeneracies to anneal to all of the organisms identified in the clone library 
study (10). 
SSW Sediment  
The T-RFLP results from SSW sediment indicated a strong similarity to the 
results seen in the original clone library in terms of the observed diversity (Table 3.6). 
However, the percent of the area of each of the peaks did not correspond with the percent 
of the clones observed in the original clone library, indicating shifts in the abundance of 
community members may have occurred. In the bacteria-specific T-RFLP, eight of the 
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phylotypes from the original clone library were detected, whereas the archaea-specific T-
RFLP did not detect any of the original phylotypes.   
Again, using the modified 519uR primer (Table 2.1), may have changed the 
portion of the community that was amplified using this phylogenetic fingerprinting 
technique.  
 
Table 3.6 T-RFLP results from the extraction of DNA from SSW sediment that was 
amplified with a 6-FAM labeled 519uR primer and then digested with the restriction 
enzymes HaeIII (bacteria) and HhaI (archaea). 
Fragment 
Size % Area Inferred Clone 
% Original 
Library 
Bacteria    
25 69 SSW_L1_A03 3.8 
26 1 SSW_L1_A03 3.8 
30 18.5 SSE_L1_E01 37.2 
56 1.1 GBS_L1_C01 6.4 
67 1   
87 1.7   
177 1 SSW_L1_A04, SSW_L2_F02 10.3 
178 2.4 SSW_L1_A04, SSW_L2_F02 10.3 
179 1 SSW_L1_A04, SSW_L2_F02 10.3 
201 1 SSE_L1_G04, SSW_L1_F04, SSW_L2_A03 27 
Archaea    
26 2.1   
30 25.7   
32 31.3   
56 1   
66 2.4   
75 1   
86 2.9   
128 1 
GBS_L2_C12, SSE_L4_D01, SSW_L4_F01, 
SSW_L4_H06, SSE_L4_H05 20.6 
131 22.9 
GBS_L2_C12, SSE_L4_D01, SSW_L4_F01, 
SSW_L4_H06, SSE_L4_H05 20.6 
140 6.4 




 Some of the unidentified fragments were found in both the sediment and water 
samples and this similarity is probably due to the fact that the sediment samples were 
collected at the sediment/water interface and likely contained some of the overlying 
water. Also, a consensus on how to group fragments to minimize artifacts has not been 
reached (1, 29).  If the fragments were grouped together in larger size ranges during data 
analysis, some of the unidentified fragments could have been assigned inferred clones. 
Furthermore, it is not possible to know the degree to which DNA subsample variation 
affected T-RFLP results. If the samples for the previous 16S rRNA clone libraries were 
taken from different sites along the spring, then we would expect the microbial 
community to differ. Just as the hypothesis that metabolism and microrespirometry 
results will vary in different portions of the spring, it is likely that the make-up of the 
microbial community varies throughout the hot springs studied.  
 Studies on the long-term stability of the microbial community in hot springs have 
shown little variability in the microbial community over a period of 7 years (49). As the 
temperature, pH and chemistry of the spring have not been affected by any significant 
changes and the respirometry experiments reflect what was predicted, the hypothesis that 
the bacterial community in GBS and SSW has not undergone any dramatic changes 
because the 16S rRNA gene clone libraries were constructed (10, 13).  However, the 
results from the T-RFLP indicate that archaeal community may have undergone 
considerable changes. A majority of the significant peaks from all of the archaea T-
RFLP, do not reflect predicted fragment sizes, especially in the water-borne communities.  
 Overall, the greatest variations among the predicted T-RFLP results were seen 
with the archaeal communities. As most of the archaea that were observed in the original 
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clone libraries were unaffiliated or did not have closely cultured phylogenetic relatives, 
inferences about their physiology could not be made. Overall, the trend still remains that 
the water-borne communities were less rich than the sediment communities.  
 In retrospect, T-RFLP was not the appropriate technique to utilize for evaluating 
the microbial community in the Great Basin hot springs. T-RFLP appears to be a 
technique that can be performed to successfully evaluate the relative diversity between 
communities or over time, but in these experiments it could not be used to correlate 
fragment sizes with previously identified phylotypes.  
 
RNA Extraction and RT-PCR 
 Attempts to extract RNA usable for gene expression studies from water and 
sediment samples of GBS and SSW were unsuccessful. The filter RNA extraction and the 
FastRNA Pro Soil-Direct kit were successful on control samples (Shigella flexneri and 
potting soil), but that success did not translate to trials containing the thermophilic 
organisms collected at the hot springs. This is not entirely surprising considering the 
ability to successfully isolate RNA usable for RT-PCR has proven difficult in organisms 
whose optimal growth occurs at high temperatures (31, 32). 
 One factor that may influence the success of these protocols is the delay in 
extracting samples. For control samples, RNA extractions were made immediately after 
collection.  Following collection of environmental samples, they were frozen 
immediately and then stored at -20°C until they were thawed and the extractions were 
performed.  To increase the chances of successfully isolating RNA from the sediment and 
water of GBS and SSW, attempts to extract RNA on site will be made in the future. By 
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eliminating the need to freeze, transport and store the samples, extracting RNA 
immediately after collection may increase the chances of generating a working protocol 
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 This study was designed to systematically address which electron donors are 
important for aerobic respiration in geothermal environments. Despite the abundance of 
electron donors present in geothermal environments, it has been proposed that H2 is the 
dominant electron donor in these environments. Using microrespirometry it was possible 
to test the rates of O2 consumption upon the addition of H2 and other potential electron 
donors.  
 This protocol was developed using pure cultures of T. ruber and then was 
successfully executed in the field using GBS and SSW as study sites. Overall, these 
experiments indicated that two metabolisms, NH3 and CH4 oxidation, may be ongoing at 
temperatures higher than previously recorded. The experiments also indicated that 
organics, such as formate and acetate, might play an important role in geothermal 
metabolisms than has previously been predicted. 
 Moreover, these data do not support the hypothesis that H2 is the most important 
electron donor in the source water and sediments of the springs that were examined. H2 
only stimulated an increased rate of oxygen consumption in two of the four environments 
tested. Of the six potential electron donors tested (S2O32-, FLAP, YE/peptone, NH3, H2, 
CH4), they all stimulated an increase of O2 consumption in at least one of the 
environments tested, and two or more of the electron donors stimulated O2 consumption 
 95
in each environment. This indicates that multiple electron donors are potentially utilized 
simultaneously in geothermal environments. Following microrespirometry, T-RFLP and 
FISH studies were performed on samples collected during O2 consumption experiments 
to evaluate the microbial community. These studies revealed that overall the microbial 
communities in GBS and SSW are made-up of a diversity of microorganisms. 
Considering the diversity of microorganisms and the abundance of potential electron 
donors that continually enter the hot spring environment, it seems plausible that the 
community would be using a diversity of electron donors simultaneously and would not 
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